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GENERAL PREFACE. 

The subject of Physiological Chemistry, or Biochemistry, is 
enlarging its borders to such an extent at the present time, 
that no single text-book upon the subject, without being 
cumbrous, can adequately deal with it as a whole, so as to 
give both a general and a detailed account of its present 
position. It is, moreover, difficult, in the case of the larger 
text-books, to keep abreast of so rapidly growing a science 
by means of new editions, and such volumes are therefore 
issued when much of their contents has become obsolete. 

For this reason, an attempt is being made to place this 
branch of science in a more accessible position by issuing 
a series of monographs upon the various chapters of the 
subject, each independent of and yet dependent upon the 
others, so that from time to time, as new material and 
the demand therefor necessitate, a new edition of each mono- 
graph can be issued without re-issuing the whole series. In 
this way, both the expenses of publication and the expense 
to the purchaser will be diminished, and by a moderate 
outlay it will be possible to obtain a full account of any 
particular subject as nearly current as possible. 

The editors of these monographs have kept two objects 
in view : firstly, that each author should be himself working 
at the subject with which he deals ; and, secondly, that a 
Bibliography, as complete as possible, should be included, 
in order to avoid cross references, which are apt to be 
wrongly cited, and in order that each monograph may yield 
full and independent information of the work which has been 
done upon the subject. 
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I vi GENERAL PREFACE 

It has been decided as a general scheme that the volumes 
first issued shall deal with the pure chemistry of physiological 
products and with certain general aspects of the subject. 
Subsequent monographs will be devoted to such questions 
as the chemistry of special tissues and particular aspects of 
metabolism. So the series, if continued, will proceed from 
physiological chemistry to what may be now more properly 
termed chemical physiology. This will depend upon the 
success which the first series achieves, and upon the divisions 
of the subject which niay be of interest at the time. 

R. H. A. P. 
F. G. H. 
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PREFACE. 

Twenty-eight years ago the late Sir John Burdon Sanderson 
described one of the aims of Physiology as the acquirement 
of an exact knowledge of the chemical and physical processes 
of animal life. The recent history of physiological progress 
shows that investigations confined to the study of physical 
and chemical processes have been the most fruitful source of 
physiological advance, and it is principally the exact chemical 
study of the substances found in animals and plants which has 
enabled the physiologist to make this advance. 

The last decade has seen very material progress in our 
knowledge of the carbohydrates, more particularly with regard 
to their inner structure, biochemical properties, and the mechan- 
ism of their metabolism. In consequence, many problems 
of the greatest fascination for the biochemist have presented 
themselves for solution. 

This monograph aims at giving a summary of the present 
position of the chemistry of the carbohydrates. The reader is 
assumed to be already acquainted with the subject so far as 
it is dealt with in the ordinary text-books. The available 
information is, however, so widely scattered in the various 
scientific periodicals that it is impossible for any one approach- 
ing the subject to inform himself rapidly of what has been done. 
It is to meet such needs that this monograph is primarily 
intended. 

A bibliography is appended, which contains references, 
classified under appropriate headings, to most of the recent 
works on the subject and to the more important of the older 
papers. It makes no claim to be exhaustive but serves to 
indicate how much is at present being done in this field. 

E. F. A. 

vii 
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INTRODUCTION. 

The carbohydrates, together with the proteins, rank first in importance 
among organic compounds on account of the part they play, both in 
plants and animals, as structural elements, and in the maintenance of 
the functional activity of the organism. 

The interest attaching to the group may be said to centre around 
glucose, this carbohydrate being the first to arise in the plant, and the 
unit group from which substances such as cane sugar, maltose, starch 
and cellulose are derived ; it is also of primary importance in animal 
metabolism, as the main bulk of the carbohydrate in our food materials 
enters into circulation in the form of glucose. 

Under natural conditions the higher carbohydrates are resolved into 
the simpler by the hydrolytic agency of enzymes, but these also exer- 
cise synthetic functions ; the simpler carbohydrates are further resolved 
by processes which are undoubtedly akin to that of ordinary alcoholic 
fermentation. The carbohydrates are, therefore, of primary importance 
as furnishing material for the study of the processes of digestion and 
assimilation. 

The carbohydrates are all remarkable on account of their optical 
characters ; it is possible to correlate these with their structure. Of the 
large number of possible isomeric forms of the gluco-hexose CgH^aOg, 
sixteen in all, of which glucose is one, only three are met with in 
Nature, although twelve have already been prepared by artificial means ; 
this natural limitation of the number produced in the plant and utilised 
by it and by the animal is a fact of great significance, and clear proof 
of the manifestation of a selective process at some period in the evolu- 
tion of life. The elucidation of these peculiarities invests the inquiry 
into the nature and functions of the carbohydrates with peculiar in- 
terest and significance. 

The simple carbohydrates are all of the empirical composition cor- 
responding with the formula CHgO, the most important being those 
containing five or six atoms of carbon. The members of the sugar 
group are usually distinguished by names having the suffix ose. 

The simplest carbohydrate, CHgO, formaldehyde or formal, is in 
all probability the first product of vital activity in the plant, the car- 
bon dioxide absorbed from the air being converted into this substance 

I 
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2 CARBOHYDRATES 

by the combined influence of sunlight and chlorophyll. The conversion 
of formaldehyde into glucose has been accomplished in the laboratory, 
but the transformation takes place in such a way that a variety of pro- 
ducts is obtained ; there is reason to suppose that but the single sub- 
stance glucose is formed in the plant and that this is almost immediately 
converted into starch ; in other words, the vital process is in some way 
a directed change. The record of the synthetic production of glucose 
and of the discovery of methods of producing the isomeric hexoses, as 
well as of determining the structure of the several isomerides, is one of 
the most fascinating chapters in the history of modem organic 
chemistry. 

It would be impossible within the limits of a brief monograph to 
deal at length with the carbohydrates generally. In the following 
account, glucose will be taken as a typical sugar, and its properties 
and interrelationships will be considered more particularly with re- 
ference to their biochemical importance. The disaccharides and 
glucosides will be dealt with in a similar manner. Those who desire 
fuller information should consult the comprehensive works compiled 
by Lippmann and by Maquenne. 

In discussing the various problems associated with the carbohydrates, 
the writer will strive to indicate the alternative views which have been 
advanced. He will, however, endeavour to develop the subject as far 
as possible as a logical whole, rather than leave the reader undecided at 
every turn. Such a method of treatment is more likely to stimulate in- 
quiry by giving a picture of the present attitude of workers towards the 
various problems which the carbohydrates present. 
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CHAPTER I. 

GLUCOSE (DEXTROGLUCOSE OR DEXTROSE). 

It has been customary to speak of this sugar as grape sugar, to 
distinguish it from cane sugar, and on account of its occurrence in the 
juice of the grape and of other ripening fruits in association with fructose 
(laevulose); the two hexoses are probably derived from pre-existent 
cane sugar, as the three sugars are nearly always found together and 
cane sugar is easily resolved into glucose and fructose by hydrolysis : — 

CiaHfflOu + HaO = Q^Uy^O^ + CeHiaOe 
Cane sugar. Glucose. Fructose. 

Glucose is also formed from other more complex sugars when these 
are broken down by hydrolysis with the assistance of the appropriate 
enzymes or of acids — for example, from milk sugar or lactose, malt 
sugar or maltose, starch and cellulose. It is easily prepared from 
starch by the action of diluted sulphuric acid and is therefore to be 
purchased at small cost. It separates from an aqueous solution with 
a molecule of water of crystallisation, but this is held only loosely, 
as the anhydrous substance may be crystallised from dilute alcohol. 
Unlike cane sugar, it never separates in well-defined clear crystals from 
either water or alcohol, but is usually met with as crystalline powder. 

Constitution of Glucose. — Glucose is represented by the molecular 
formula C,jHi20e. Five of the six atoms of oxygen are to be r^arded 
as present in the alcoholic form, as hydroxy 1 (OH) ; the sixth under 
certain conditions manifests aldehydic functions. Thus, when acted 
upon by metallic hydroxides, glucose forms compounds which re- 
semble the " alcoholates " ; and it is converted by acids, acid oxides 
and chlorides, into ethereal salts or esters such as the following: — 

CeH^OCNO,)^ CeH70(0 . CO . CHg)^ CeH^OCO . CO . CeH^j^ 

Glucose pentanitrate. Glucose pentacetate. Glucose pentabenzoate. 

On reduction, it takes up two atoms of hydrogen and is converted 
into a hexahydric alcohol ; on oxidation it yields the monobasic acid, 
gluconic acid, C6He(OH)5 . CO . OH ; when heated with a concentrated 
solution of hydrogen iodide, it loses the whole of its oxygen and is 
converted into an iodohexane C^H^gl, which itself is a derivative of 
normal hexane, CH3 . CHg . CH2 . CHg . CH^ . CH3. 

On account of the stability of glucose, it is to be assumed that each 

3 I* 
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4 CARBOHYDRATES 

hydroxyl group is associated with a different carbon atom ; as glucose 
is a derivative of normal hexane, the constitutional formula of the 
aldehydic form may be written in the following manner : — 

CH,(OH) . CH(OH) . CH(OH) . CH(OH) . CH(OH) . CHO 

But it was long a matter of remark that glucose, as a rule, is far 
less active than was to be expected, assuming it to be an hydroxyalde- 
hyde. The difficulty was removed when ToUens, in 1883, proposed to 
represent it by a formula in which four of the carbon atoms are included 
in a ring, together with a single oxygen atom. 

If the regular tetrahedron be adopted as the model of the carbon 
atom, and it be supposed that the four affinities are directed towards 
its four solid angles from the centre of a sphere within which the tetra- 
hedron is inscribed, the direction of the affinities is such (109° 24') that 
on uniting four such tetrahedra together, interposing as representative 
of the oxygen atom a ball with two affinities arranged in about the 
same directions as the two carbon affinities, a closed system or ring is 
formed almost naturally in which there is no strain, the internal angles 
being practically those in a regular pentagon, thus : — 

H H 

Q Q 

Hv /OH H0\ 

^Cy CH . CH(OH) . CH,(OH). 



This symbol has been very widely adopted, as it is in general 
accordance with the interactions of glucose. The behaviour of glucose 
as an aldehyde is accounted for if it be assumed that, when the ring is 
ruptured by hydrolysis, the closed-chain form passes into the aldehydic 
form in the following manner : — 

H OHH OH H OHH OH 

c c c c 



H. / \ + H,0 -> H / \ 

\C CH . CH(OH) . CH,(OH) <- V CH . CH(OH) . CH,{OH) 

Xq^ oh ho 

Closed ring. Aldehydrol. 

H OHH OH H OHH OH 

H. / \ -* *^\ / \ + H,0 

>C CH . CH(OH) . CH,(OH) *- ^C CH . CH(OH) . CH,(OH) 



ho/ 



\ / ° / 

OH HO HO 

Aldehydrol. Aldehyde. rn^r^n]^ 
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GLUCOSE (DEXTROGLUCOSE OR DEXTROSE) 5 

This action being reversible, it is to be supposed that when an 
agent such as phenylhydrazine,^ which will act upon aldehyde, is added 
to the aqueous solution, the small amount of aldehydrol present is 
attacked and removed; the equilibrium is thereby disturbed, but is 
rapidly restored by the formation of a fresh quantity of the aldehydrol, 
which in turn disappears but only to have its place taken by a further 
quantity. Ultimately the whole becomes converted into the aldehydic 
derivative. 

In considering the structure of glucose, the compounds which 
deserve attentiDn in the first place are the two isomeric methyl-gluco- 
sides (a and )8), which are formed by the interaction of glucQse and 
methylic alcohol under the influence of hydrogen chloride. These 
compounds are the protot3^s of the natural glucosides. They were 
discovered by Emil Fischer in 1893. He prepared them by dis- 
solving glucose in cold methylic alcohol, saturated with dry hydrogen 
chloride gas. After several hours, when it had lost all cupric reducing 
power, the mixture was neutralised with lead carbonate. Crystals of 
the o-compound were obtained on concentrating the solution ; the 
)8-compound was isolated later from the mother liquor, and was first 
obtained crystalline by Van Ekenstein. 

The methyl-glucosides differ considerably from glucose, more par- 
ticularly in never behaving as aldehydes ; and their rotatory power in 
solution is the same in a freshly-prepared solution as it is in one which 
has been kept for some time, which is not the case with glucose. They 
are undoubtedly formed by the introduction of methyl, in place of an 
atom of hydrogen, in the hydroxyl group attached to the carbon atom 
which exercises aldehydic functions in the open-chain form of glucose 
(glucose-aldehydrol). It is to be noted that the introduction of methyl 
in this position has the effect of rendering the ring far more stable 
than it is in glucose, as it is to be supposed that compounds such as 
phenylhydrazine, and oxidising agents such as Fehling's solution, are 
without action because the glucosides do not undergo hydrolysis in 
solution in the way that glucose does. 

On reference to the closed-chain formula of glucose, it will be seen 
that the potentially aldehydic carbon atom (printed in clarendon type), 
as well as the three other carbon atoms in the ring, and also the 
atom which is immediately contiguous to the ring on the right-hand 
side of the formula (page 4), are all asymmetric^ in the sense that each 
of them is associated with four different radicles. Consequently the 

^ See Chapter II. 
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6 CARBOHYDRATES 

dosedrchain form of glucose may be written in either of two ways^ 

thus :— -^ 

HO C H H 





H,OH CHjOH 

a-Qlucose. jS-Glucose. 

The two methylglucosides are to be regarded as the methyl deriva- 
tives of these two stereoisomeric forms of glucose. 

Mutarotation— The Isomeric Forms of Glucose.— The hypo- 
thesis, that there are two stereoisomeric forms of glucose, is the only 
one hitherto proposed which affords a satisfactory explanation of a 
peculiar property, characteristic of glucose and other sugars manifesting 
aldehydic functions, now known as mutarotation or multirotation (but 
formerly termed birotation) ; namely, the optical rotatory power of the 
freshly dissolved substance changes gradually, sometimes increasing, 
but more usually falling, until a constant value is reached. The term 
birotation was* introduced because the rotatory power of glucose in 
solution is about twice as great when it is freshly dissolved as that 
which it eventually assumes. The change takes place very slowly 
when highly purified materials are used, but almost immediately if a 
small quantity of alkali be added. The phenomenon was first ob- 
served by Dubrunfaut in 1 846, and ascribed by him to purely physical 
causes. The subject has of recent years caused a good deal of con- 
troversy, and it is simplest to deal with the views that have been 
advanced in historical sequence. 

E. Fischer, in 1890, noticed that the optical rotatory power of 

certain 'lactones closely related to the sugars underwent change in 

solution as the lactone became hydrolysed to the corresponding acid. 

He therefore ascribed the change which occurs with glucose to a like 

addition of a water molecule, and assumed that the glucose (aldehyde) 

underwent conversion into a heptahydric alcohol (aldehydrol) of lower 

rotatory power : — 

CHO CH(OH)s 

I I 

CH{OH) CH(OH) 

CH(OH) + HjO -> CH(OH) 

CH(OH) CH(OH) 



CH(OH) CH(OH) 

(OH) 
ddeh] 
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Glucose (aldehyde). Alcohol (aldehydrol) 
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The subject assumed a new aspect when it was shown by Tanret, in 
1896, that besides the anhydrous and hydrated forms of glucose other 
isomeric anhydrous modifications could be obtained. He described 
an a-glucose ([a]„+ 1 lo*^, the initial rotatory power of which fell grad- 
ually to [a]„ + 52-5''; further, a iS-glucose^ of low initial rotatory 
power ([a]p+ 19"*), increasing to [al, + 52*5*' in solution; and, lastly, a 
7-glucose ([a]o + 52*5'*) of unalterable rotatory power in solution. The 
three supposed isomerides were isolated by allowing glucose solutions 
to crystallise under different conditions — a-glucose separated at or- 
dinary temperatures from solutions in 70 per cent alcohol, and 
)8-glucose from aqueous solutions at temperatures above 98" C; 
7-glucose was obtained by precipitating a concentrated aqueous 
solution of glucose with alcohol, a-glucose hydrate crystallises from 
aqueous solutions at the ordinary temperature. When powdered 
anhydrous glucose is added to water, it immediately undergoes hy- 
dration before passing into solution. 

The behaviour of these isomeric forms does not fit in with the 
theory that the mutarotation is due to the conversion of an aldehyde 
into an aldehydrol ; moreover, the increase in rotatory power from ^- to 
7-glucose has also to be explained. 

Tanret, Lippmann and others suggested that some forms of glucose 
have a closed-ring structure, as proposed by Tollens, and that in solu- 
tion these are completely converted into the isomeric aldehyde. 

A more fruitful suggestion was made by Simon who drew atten- 
tion to the optical behaviour of a- and )8-glucose in relation to that of 
the isomeric methyl glucosides of which the structure was known : — 

[aln [at 

a-Methyl-glucoside + 157° o-Glucose + 105° 

i3-Methyl- glucoside - 33° i3«Glucose + 22° 

He suggested that the a- and /9-glucoses are homologues of the a- and 
/9-methyl glucosides, and that both contain a closed oxygenated ring. 

Direct proof of the glucosidic structure of a- and y8-glucose was 
afforded by their preparation from the corresponding glucosides effected 
by the writer. Both glucosides are resolved into methyl alcohol and 
glucose by appropriate enzymes, and as the enzymes condition the 
hydrolysis more quickly than the glucose which is formed can undergo 
isomeric change, it is possible to determine the nature of the sugar 
which is formed initially. In practice, this is done by preparing a 
clear solution of glucoside and enzyme, allowing hydrolysis to proceed 

^ Tanret actually termed the substance represented above as i3-glucose 7-glucose and 
designated ^-glucose as iS-glucose. The terms have been altered to bring them into agree- 
ment with the nomenclature now adopted. 
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for a short time and then observing *the optical rotatory power of the 
solution before and after the addition of a drop of ammonia, which 
hastens the rate of the isomeric change, and therefore has the effect 
of establishing equilibrium almost immediately. As a glucose of high 
initial rotatory power was obtained from o-methyl glucoside, and one 
of low initial rotatory power from the ^-glucoside, it is clear that 
Or- and )8-glucose correspond respectively to the a- and /3-glucoside. 

It remains to establish the nature of Tanret's »y-glucose, which he, 
as well as Simon and Lippmann, regarded as a third isomeride, ascrib- 
ing the mutarotation of a- and ^-glucose to their complete conversion 
into the isomeric aldehyde. 

The change in rotatory power of glucose was shown to be a process 
of reversible isomeric change by Lowry in 1899. Lowry subsequently 
(1903) concluded that not only are a- and ^-glucoses isodynamic com- 
pounds, but that Tanret's 7-glucose is a mixture in which these two 
compounds are present in equilibrium. 

On concentration of the solution of such an equilibrated mixture, 
a point is reached when one of the constituents crystallises out from 
the saturated liquid. The mixture in solution is consequently thrown 
out of equilibrium ; but as this happens a change takes place spon- 
taneously to restore the equilibrium — j3 passing into a, or vice versd. 
A solution of glucose containing a- and ^-forms can therefore be made 
to yield wholly a- or wholly )8-glucose on concentration, according to 
the temperature at which crystallisation takes place. The a-form, 
which is then the less soluble, is that obtained at lower temperatures ; 
but above 98°, the y8-form, being the less soluble at the higher tem- 
perature, alone separates. Were the change into aldehyde complete, 
as Simon and. Lippmann suggest, it would be impossible by mere 
crystallisation to convert this into a-glucose. 

Tanret (1905) has accepted the conclusion that there are but two 
isomerides of glucose, corresponding to the a- and y8-methyl glucosides, 
and that his supposed third modification is an equilibrated mixture of 
these two forms. He has calculated from the rotatory power [a]„ +110° 
of the pure a- and [a]„+ 19° of the pure ^-form that the proportion in 
which these are in equilibrium is a =37 per cent, ^8=63 per cent in a 
10 per cent solution, and a = 40, /8 = 6o per cent in a concentrated 
aqueous solution. 

By means of solubility determinations Lowry finds 52 per cent of 
the a-form to be present in saturated solutions of ^ glucose in methyl 
alcohol : the proportion of a decreases as the amount of water increases, 
amounting to 40 per cent in the mixture EtOH + HgO. He does not, 
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however, interpret the remaining 60 per cent, of sugar present in solu- 
tion as /8-glucose, but considers that some quantity of the aldehyde 
form is also present (See also page 17.) 

Stereoiisomerism of the Aldohexoses. — A compound represented 
by the empirical formula, 

CHa(OH) . CH(OH) . CH(OH) . CH(OH) . CH(OH) . CHO, 
containing four asymmetric carbon atoms, should, according to the 
Le Bel-Van't Hoff hypothesis, be capable of existing in sixteen stereo- 
isomeric forms, eight of which would be mirror images of the other 
eight and of equal but opposite rotatoiy power. 

Thus, corresponding to ordinary dextroglucose (rf-glucose), there 
should be a laevorotatory isomeride (/-glucose) of equal and opposite 
rotatoiy power, of like configuration but having the dissimilar radicles 
in reversed order.i In point of fact, when glucose is prepared by arti- 
ficial means, a mixture in equal proportions of d- and /-forms is 
actually obtained. Such a mixture is optically inactive — whether the 
two forms actually combine or merely neutralise one another is unknown. 

Although only three aldohexoses occur naturally (glucose, man- ^ 
nose, galactose), twelve of the sixteen possible isomerides are now 
known. Emil Fischer, to whom we owe the discovery of this remark- 
able series, has not only shown how they may be prepared, but has 
made them in such ways that their structural relationship may be 
r^arded as established. His results are summarised in the following 
table :— 

TABLE I. 



ALDOHEXOSES. 

(a) Mannitol Series. 



H 

H 
HO— 
HO— 



COH 

— OH 

— OH 

— H 

— H 



HO- 



COH 
H 



COH 



COH 



HO— 
H— 
H— 



/-Mannose. 
COH 



— H 

—OH 

—OH 

CHjOH 
(^Mannose. 
COH 



HO— 

H— 

HO— 

HO— 



— H 
--0H 
— H 
— H 

CHjOH 

/-Glucose. 
COH 



H— 
HO— 
H 



—OH 
— H 
OH 



HO— 

H 
HO— 

H— 



— H 
—OH 
— H 
OH 



H- 
HO- 

H- 
HO— 



CHjOH 
/-Idose. 



—OH 

H 
—OH 

H 



H 

H 

HO— 

H 



CHjOH 
<i-Ido8e. 



OH 
—OH 
— H 

OH 



H OH 

CHjOH 

d-GlvLcose, 

COH 

HO — 
HO — 



H 
HO— 



CHjOH 

i-Gulose. 



— H 

— H 

—OH 

— H 



CH2OH 
d-Gulose, 



^The formulae assigned to d- and /-glucose are chosen arbitrarily; that is to say, it 
is assumed that in the d-form the groups occupy a certain position, whence it follows 
that in the stereoisomeride they are present in the reversed position. For proof of 
the validity of the formulae and the arguments by which they are deduced, the reader is 
referred to Fischer^s summary in the BerichU der deutschen chemischen Gesellschaft for 
1894 (p. 3189) and to the larger text-books on organic chemistry. 
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COH 



TABLE L {contintud). 

(b) Dukitol Siries. 
COH COH 



COH 



HO— 
H— 
H— 



— H 

—OH 

—OH 



HO H 

CH^OH 
l-Galactose. 

COH 

HO H 

HO H 

HO H 

HO H 

CHjOH 



H 
HO— 
HO— 

H— 



OH 
— H 
— H 
—OH 



H— 



—OH 



H OH 



H — 
HO— 



CHjOH 
<f-Galactose. 

COH 

H— I— OH 

H OH 

H OH 

H OH 



—OH 

— H 



HO- 

HO— 

HO— 

H 



CH,OH 
/-Talose. 



— H 
— H 
— H 
—OH 



COH 



H— 
HO— 
HO— 
HO— 



-OH 
— H 

— H 
— H 



CH,OH CH,OH 

All unknown. 



CH,OH 
({-Talose. 

COH 

HO— I— H 

H OH 

H OH 

H OH 

CH,OH 



As two closed-chain forms should exist corresponding to each 
of the open chain aldehydic forms, no less a number of isomeric 
« glucoses" is foreseen by theory than i6 + 32 = 48. 

Many of the other sugars exist in more than one form and show 
mutarotatioa The available data are collected in the following table. 
The rotations given for the )8-forms are the extremes at present re- 
corded ; probably in most cases they apply to products which are not 
entirely free from admixture with the o-isomeride. 

TABLE n. 



Sagar. 


a-Form. 


/B-Form. 


Equilibrmted mixture. 


i-Glucose 

rf-Galactose 

J-Mannose 

rf-Fructose 

/-Arabinose 

/•Xylose . 

Rhamnose 

Maltose. 

Lactose . 

Tetramethyl { 












+ 110° 
+ 118° 
- ? 
-104° 
+ 175° 
+ 79° 


+ 19° 
+ 53°^ 
+ 23-5° 


+ 81° 

+ 14° 
- 92° 
+ 104° 
+ 19° 


l^lucoi 


ie 








- < 
+ 114° 
+ 86° 
+ 101° 


+ 31-5° 

+ 35° 
+ 73-5° 


+ 9° 
+ 137° 

+ 55-3° 
+ 83-3° 



The More Important Derivatives of Glucose.— The experimental 
work of the last ten years has shown that most of the derivatives of 
glucose likewise exist in two forms differing in physical properties, more 
particularly crystalline form, optical rotatoiy power and melting-point. 
The chemical behaviour of all these substances is such that it must be 
assumed that the aldehydic function has disappeared giving rise to the 
closed-ring structure already formulated. 
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Methyl Glucosides. — The methyl glucosides are of so much im- 
portance as the types, not only of glucosides generally, but of the 
two isomeric series of glucose derivatives, that it is essential to 
consider their behaviour at some length, and the reader is advised 
to familiarise himself with them. 

The two glucosides are distinguished by the prefixes a and ^, their 
properties being as follows : — 

Melting-point Rotatory Power. 
a-Methyl glucoside .... 165^ + is/* 

iS-Methyl glucostde .... 104^' - 33'' 

They are both colourless crystalline substances, the a-isomeride 
ciystallising usually in long needles, the ^-isomeride in rectangular 
prisms. 

When hydrolysed by acids they yield methyl alcohol and glucose. 
At ordinary temperatures hydrolysis, even by moderately strong 
mineral acids, proceeds but slowly ; and if it be desired to study the 
course of hydrolysis it is advisable to work at elevated temperatures, 
say 70° to 80** C. As in other chemical reactions, the hydrolytic 
power of acids towards glucosides increases with a rise in tempera- 
ture. A convenient method of experimenting consists in mixing acid 
and glucoside in a closed flask immersed in a thermostat so as to 
maintain the required temperature. Samples of the liquid are with- 
drawn at stated intervals of time, rapidly cooled by immersion in ice 
water to check hydrolysis, and the amount of glucose formed esti- 
mated either gravimetrically or with the polarimeter. To prevent 
evaporation it is advisable to add a little paraffin wax to the mixture 
of glucoside and acid. Measurements made in this way show that a 
definite fraction of the glucoside present is hydrolysed in each unit of 
time, the course of change following what is known as the logarithmic 
curve. The ^-compound is attacked more rapidly than the a. This 
point will be referred to again in Chapter VI. 

The methyl glucosides are also hydrolysed by enzymes, but both 
isomerides are not hydrolysed by the same enzyme. In fact, the 
action of enzymes towards the glucosides is specific, and each form 
requires its own particular enzyme : a-methyl glucoside is hydrolysed 
by maltase; /8-methyl glucoside by emulsin. The enzymes act at 
ordinary temperatures, preferably not above 37** C, and are far more 
active as hydrolytic agents than acids. 

Returning to the preparation of the glucosides described on p, 5, 
it will be noted that both forms are produced simultaneously, the 
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a-isomeride predominating. When solid anhydrous glucose (a-glucose) 
is dissolved in dry methyl alcohol containing dry hydrogen chloride the 
first change is the rapid conversion into a mixture of a- and )8-glucose in 
nearly equal parts. Each of these then undergoes etherification, but in- 
asmuch as the ^-methyl glucoside is hydrolysed by hydrogen chloride 
I -8 times as fast as the a-methyl glucoside, the former may be sup- 
posed to be more rapidly etherified. The primary result is therefore 
a mixture of a- and ^-methyl glucosides, in which the latter is slightly 
in excess. On standing, slow conversion of the ^-methyl glucoside 
into the more stable a-isomeride takes place. The equilibrated mix- 
ture of the glucosides contains jy per cent, of the a- and 23 per cent, 
of the ^-isomeride. If, however, the solution be neutralised as soon as 
etherification is complete, and before the isomeric changes take place, 
and the solvent be removed, a mixture of the two glucosides in ap- 
proximately equal quantities is obtained. These may be separated by 
fractional crystallisation. 

Such a process is somewhat tedious when ^-methyl glucoside is the 
object of the preparation, and it is more convenient to make use of 
biological methods. On treatment with yeast, which contains the 
enzyme maltase, the a-methyl glucoside is hydrolysed to glucose and 
methyl alcohol, and the glucose is removed by fermentation, so that 
y8-methyl glucoside, which is not attacked by yeast, alone remains, and 
can be isolated and purified. 

When, on the other hand, a-methyl glucoside is desired, the action 
of the acid is allowed to continue until equilibrium is attained, and, 
after crystallisation of some quantity of the a-methyl glucoside, the 
mother liquors are again heated with a little acid. This has the effect 
of causing the ^-glucoside present to be converted into a-glucoside 
until equilibrium is again reached, when 77 per cent of the total solid 
present is a-glucoside, and in consequence a further quantity of a- 
glucoside crystallises on removal of the solvent. ^ 

Fischer employs an alternative method, which consists in heating 
the alcoholic glucose solution with very little acid in an autoclave. It 
is then not necessary to neutralise before crystallisation of the a-gluco- 
side. 

Maquenne has prepared ^-methyl glucoside by the action of methyl 
sulphate and sodium hydroxide on glucose dissolved in water. It is 
stated that the y8-isomeride alone is formed under these conditions, 
but the quantity obtained is not large. 



Digitized by LjOOQIC 



GLUCOSE (DEXTROGLUCOSE OR DEXTROSE) 1 3 



As already stated, the two methyl glucosides are regarded as stereo- 
isomeric 7-oxides,^ and have the following structural formulae : — 
CH3O— CH HC--OCH3 

HCOH \ HCOH 

HOCH y^ HOCH 

HCOH HCOH 

CHjOH CHjOH 

a-Methyl glucoside. i3-Methyl glucoside. 

Glucose Pentacetates. — Under proper experimental conditions, 
all five hydroxyl groups in glucose become acetylated, the a- or )8- 
pentacetate predominating in the product according to the method 
adopted. As these compounds form the starting-point for a number 
of syntheses, it is important to understand fully the methods of pre- 
paring them. 

They have the following formulae : — 
AcO— CH 

/ 

HCOAc 

I 
AcOCH >0 

[Ac « CH3O] 





HC 



OAc 



CHa . OAc CHj . OAc 

a-Glucose pentacetate. j8-Glucose pentacetate. 

.To obtain the a-pentacetate it is necessary to acetylate glucose 
instantly before isomeric change can take place, since the presence of acid 
greatly accelerates the isomeric change from a- to ^S-glucose. This is 
done by adding anhydrous o-glucose to boiling acetic anhydride con- 
taining a small quantity of zinc chloride as catalyst. A violent action 
ensues, and the sugar passes into solution. The product is poured 
into water, which is changed from time to time to remove the acetic 

^ Ittis a characteristic property of 7-hydroxyacid8 to lose water very readily, forming 
ring compounds containing four atoms of carbon and one of oxygen : these are termed 
7-lactones. Thus — 

CH,(0H) . CH, . CHa . C0,H = HjO + CHj . CHj . CH, . CO 
7-Hydroxybutyric acid. 7-ButyroIactone. 

Similar four carbon-oxygen ring compounds when derived from 7-hydroxy compounds other 
than acids are named ^-oxides. The ring is termed a pentaphane ring. 
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acid ; finally the o-glucose pentacetate solidifies. The crude product 
contains both isomerides : it is purified by crystallisation from alcohol. 

To obtain the y8-pentacetate, glucose is mixed with acetic anhydride 
and sodium acetate, and heated for some time at the temperature of 
the water bath. As the change from a- to )8-glucose in this case 
precedes acetylation, y8-glucose pentacetate predominates in the final 
product, and may be separated by fractional crystallisation. 

The pentacetates are colourless crystalline compounds, insoluble in 
water and readily hydrolysed by alkaline hydroxides. When heated 
with acetic anhydride either form is partially converted into the other : 
Jungius has shown that this change may also be effected by adding 
a small amount of sulphur trioxide to a solution of the acetate in 
chloroform. 

Acetochloro, Acetonitro Glucoses.— In either isomeride, one of 
the acetyl groups — that attached to the terminal carbon atom (in 
Clarendon type) linked to the pentaphane oxygen atom — is far more 
active than the rest. When subjected to the action of anhydrous 
liquid hydrogen bromide or hydrogen chloride in sealed tubes at the 
ordinary temperature, this acetyl group alone is replaced by halogen. 
In this way a-pentacetyl glucose gives a-acetochloro-glucose, y8-pent- 
acetyl glucose the corresponding yS-acetochloro-glucose — both beauti- 
fully crystalline colourless substances. Nitric acid acts in a similar 
manner causing the formation of crystalline a- and y8-acetonitro- 
glucoses : — 

NOa.O.CH AcO.CH CICH 

HC . OAc\ HC . OAc\ HC . O Ac"^ 

I )0 (HNO3) I \o (HCl) I 

AcO.CH / ^ AcO.CH / ^ AcO.CH 

\/ \ / \ 

HC HC HC 

HC.OAc HC.OAc HC.OAc 

CHj . OAc CHj. OAc CH, . OAc 

a-Acetonitro-glttcose. a-GIncose pentacetate. o-Acetochloro-glacose. 

Physical measurements also indicate that one of the acetyl groups 
is more easily detached than the others. This is proved by the fact 
that the rate at which the acetyl groups are removed by hydrolysis 
with alkali from the glucose pentacetates decreases as change pro- 
ceeds ; yet the tetra-acetyl methyl glucosides, which contain four simi- 
larly placed acetyl groups but lack the one contiguous to the pentaphane 
oxygen, are hydrolysed by alkali at a rate which is constant throughout 
the whole change. 
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The chloro, bromo- and nitro groups are even more reactive than 
the acetyl group, and are easily replaced — for example, by methoxyl 
—on shaking a solution of the compound in anhydrous methyl alcohol 
with silver carbonate. The isomeric tetra-acetyl methyl glucosides thus 
obtained are converted, when hydrolysed by an alkali, into the corre- 
sponding isomeric methyl glucosides. These syntheses make it possible 
to pass from o-glucose to a-methyl glucoside through a series of o- 
compounds, and correlate all these compounds with o-glucose. 

Methyl Glucoses. — The properties of the hydroxyl groups in 
glucose can be masked by their replacement by acetyl or benzoyl 
groups. The ethers so formed crystallise well, but the acid groups 
render these compounds resistant to the action of enzymes. The 
substitution of methoxyl for hydroxyl has a less disturbing influence ; 
indeed methylation has little effect on the characteristic chemical re- 
actions of reducing sugars except in increasing stability. The reducing 
sugars themselves cannot be directly methylated by any of the ordinary 
methods; but, as Purdie and Irvine have shown, it is possible to 
methylate the methyl glucosides by exhaustive treatment with methyl 
iodide and silver oxide. The products are purified by distillation in 
vacuum and subsequently obtained crystalline. 

The isomeric a- and yS-pentamethyl glucoses (^.^., tetramethyl- 
methyl glucosides), when hydrolysed by acids, are converted into tetra- 
methyl glucoses : — 



MeOC--H 

HCOMc 

MeOCH 



HOC-^H 





o-Tetramethyl glucose. 



CH^OMe 
a-Pentamethyl glucose. 

Both compounds yield finally the same tetramethyl glucose of 
constant rotatory power, but initially a- and /8-tetramethyl glucoses are 
obtained from them, which exhibit mutarotation and slowly change in 
solution into the equilibrated mixture. Tetramethyl glucose is con- 
verted by Fischer's method of etherification into a mixture of a- and 
)8-tetramethyl-methyl glucosides. 

Tetramethyl glucose is not fermentable, but tetramethyl ;8-methyl 
glucoside is hydrolysed by emulsin, a fact which indicates that the 
introduction of the methyl groups into a glucoside does not put the 
resulting compounds out of harmony with enzymes. 

A number of other sugars have been alkylated in like manner. 
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Anilides, Hydrazones, Oximes. — The interactions involved in 
the formation of anilides, hydrazones and oximes of glucose are most 
simply explained, on the assumption that the sugar is participating in 
a typical aldehyde reaction. None the less the occurrence of more 
than one form of all these derivatives forces the adoption of the closed- 
ring formula in such cases. Skraup early showed that a second phenyl 
hydrazone of glucose could be isolated, isomeric with that described 
originally by Fischer. Isomeric benzylphenyl hydrazones have also 
been obtained. The rotatory power of hydrazones changes in solution. 
It would go too far to discuss the nature of the isomerism here, nor is 
it yet satisfactorily established, but it may be pointed out that glucose- 
phenyl hydrazone may be formulated in syn- and anti-forms of the 
true aldehydic derivative, or as a- and /9-hydrazides of 7-oxide struc- 
ture, nor does this exhaust the possible isomerides. 

Irvine and Moodie have shown in the case of tetramethyl glucose 
that both the oximes and anilides possess the 7-oxide ring in the 
hexose residue, and are thus to be regarded as derived from the a- or 
^-form of glucose, and not from an aldehydic isomeride. Their con- 
clusions may reasonably be extended to the oximes and anilides of 
glucose, the latter of which Irvine and Gilmour have shown to exist in 
two modifications. The same authors failed to alkylate glucose phenyl 
hydrazone, or tetramethyl glucose phenyl hydrazone, and consider it 
still an open question whether these derivatives belong to the 7-oxide 
type. 

The properties of a number of these derivatives are summarised 
in the following table : — 

TABLE III. 



Glucose Derivative. 


o-Seriea. 


/^Series. 


M.-pt. 


Wd. 


M.-pt. 


Wd. 


Penta-acetate .... 
Acetochloro .... 
Acetobromo .... 
Acetonitro .... 
Tetra-acetylmethyl . 
Methyl glucoside 


K 

165° 


+ 100° 

+ 137° 
+ 157^ 


150° 

105° 

.104° 


+ 3" 
+ 165° 
+ 198^ 
+ 149° 

- 33° 
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Isomeric Change. — It remains to discuss very briefly the mechan- 
ism of the isomeric change a^J^-glucose. Two rival explanations 
have been advanced which differ really only in one respect : Lowry 
considers the formation of the aldehyde or its hydrate, which involves 
the opening of the ring, to be an intermediate stage in the process ; 
E. F. Armstrong, however, has formulated the change as taking place 
without any disruption of the 7-oxide ring. 

According to Lowry's view, the change is represented by the 
scheme of equilibrium : — 




CH(OH), 
CH.OH 



OH 



t i: 



H.OH 



CH.OH 

CHj . OH 
Aldehyde hydrate. 



H— C— OH 
CH.OH 




This scheme is intermediate in character between Fischer's view 
(p. 6), that mutarotation is due to hydration and the more recent view 
that mutarotation is due to isomeric change. 

In anhydrous alcohol (which, however, contains traces of water) the 
velocity of the isomeric change a^^-glucose is small, but it increases 
as water is added and the opportunity for hydration is increased. 
Lowry takes the view that an aqueous solution of glucose contains a 
considerable proportion of aldehyde (open-chain form), in addition to 
a- and ;8-glucose (closed-ring forms), whereas in alcoholic solution 
there is little or no aldehyde. 

E. F. Armstrong considers the first stage in the process to be the 
formation, by the addition of water, of the oxonium hydrate, from 
which, by the elimination of water in another manner, an unsaturated 
compound results. It is possible to add the elements of water to this 
unsaturated bond in either of two ways, giving rise to the a- and ^- 
glucoses respectively or their oxonium hydrates. Both isomerides are 
thus simultaneously formed. The stereoisomerism is pictured in this 
manner as arising from a difference in the position of the hydrogen 
atom relative to the pentaphane oxygen atom, both attached to the 
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terminal carbon atom ^ (in Clarendon type). In the following scheme 
only the carbon skeleton of the pentaphane ring is indicated : — 




Unsaturated compound. 
— ■ SB a-Linkage. 



OH 



C C 

\yflNHa 

o 

/S-Glucose. 
ss )3-Linkage. 

This explanation of the isomeric change has the advantage that it 
is equally applicable to the analogous interconversion of the a- and 
/8-acetochloro glucoses observed in chloroform solution in presence of 
alkali, also to the interconversion of the a- and 5-pentacetyl glucoses, 
neither of which can be explained on the aldehyde hydrate hypothesis ; 
and it also applies to the interconversion of the a- and y8-methyl 
glucosides. In this last case Fischer has assumed that an intermediate 
compound of the acetal type is produced and the pentaphane ring is 

^ The asymmetric carbpn atom in Clarendon type has attached to it the four radicles — 
(i) hydrogen, (2) hydroxyl, (3) the pentaphane oxygen, (4) a carbon atom of the ring. The 
stereoisomerism of a- and jS-glucose is explained above as due to the interchange in the 
relative positions of the hydrogen and the pentaphane oxygen. This relationship is 
awkward to picture in plane formulae; it is therefore more convenient to represent the 
stereoisomerism as due to the interchange in the relative positions of the hydrogen and 
hydroxyl radicles, as is done for example in the formula on previous pages. Reference 
to a solid model will show that this comes to exactly the same in the end, as the tarbon 
atom in engaging with the pentaphane oxygen in its a or iS position !s necessarily rotated, 
so that a projection of the solid tetrahedron viewed in plan will show hydrogen alternately 
on the right and left of hydroxyl. 

HO 

HO 






ist Position ■= a-Glucose. 



j8-Linkage before rotation. 2nd position = i8-Glucose. 
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opened — a scheme identical with that just described as subsequently 
advocated by Lowry. 

The first product of the action of dry methyl alcohol containing 
I per cent, of hydrogen chloride on glucose at the ordinary temperature 
is a syrup differing from either glucoside. This could not be analysed, 
but was regarded by Fischer as glucose dimethylacetal.^ On heating 
this, it is in part converted into a mixture of the two glucosides in 
unequal quantities. A similar mixture is obtained when either gluco- 
side is heated with the acidified alcohol. 




CH(0Me)8 
CH. 

in. 
J, 



.OH 



.OH 



i 



:h.oh 

H.OH 



CHj.OH 

Glucose dimethylacetal. 




)8-Methyl glucoside. 



CH.OH 

CH.OH 

CH, . OH 
a-Methyl glucoside. 

On the other hand, measurements of the velocity of their trans- 
formation made by Jungius led him to the conclusion that the two 
glucosides are directly convertible into each other, and that it is very 
improbable that an acetal is formed. Further, the reversible conver- 
sion of the Or and ^-tetramethyl methyl glucosides takes place at tem- 
peratures of I io°-i 50° independently of the nature of the solvent used : 
a result which excludes the intermediate formation of a compound of 
an acetal type. 

The isomeric change of one series of glucose derivatives into the 
jother has been formulated in the foregoing on the hypothesis that 
additive oxonium compounds are formed in which the lactonic oxygen 
displays quadrivalency. Indeed no other explanation is applicable to 
all the transformations observed in the glucose series. Such additive 
oxonium compounds are well known to be formed in other cases, such 
as dimethylpyrone (Collie and Tickle). Recently Irvine and Moodie 
have brought forward evidence to show that tetramethyl glucose forms 
an oxonium derivative with isopropyl iodide. The presence of the 
etheric groups in the alkylated sugar apparently increases the basicity 
of the 7-oxidic oxygen atom, and so makes the identification of the 
oxonium compound possible. 

From the biological point of view, the fact that glucose exists in 

^ A compound analogous to the acetal is obtained by the interaction of ethylmercaptan 
and glucose in presence of much hydrochloric acid. This is termed glucose ethylmercaptal, 

CHa(OH) . [CH(0H)]4 . CH(SEt)2. 
It crystallises well, but cannot be converted into compounds analogous to the glu(;o8ides. , 
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solution not as a single substance but as an equilibrated mixture of 
stereoisomeric 7-oxidic forms, readily convertible into one another, is 
of fundamental and far-reaching importance. If one of the stereo- 
isomerides is preferentially metabolised in the plant or animal, in the 
course of either synthetic or analytic processes, the possibility of con- 
trolling the equilibrium in the one or other direction, so as to increase 
or limit the supply of this form, places a very» delicate directive 
mechanism at the disposal of the organism. This question is un- 
doubtedly one which demands the close attention of physiologists. 
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CHAPTER II. 

THE CHEMICAL PROPERTIES OF GLUCOSE. 

Glucose, the other aldoses and the ketoses in general show a great 
tendency to become further oxidised; this is evidenced by their 
activity as reducing agents. They reduce alkaline copper solutions 
on warming forming red cuprous oxide, likewise ammoniacal silver 
solutions forming a metallic mirror. When heated with alkali, a sugar 
solution colours at first yellow, subsequently brown and finally decom- 
poses : a variety of substances, including lactic acid and other hydroxy 
acids, are formed.^ Valuable analytical methods for the estimation of 
glucose are based on the reaction with copper salts. 

Particularly characteristic is the reaction of the sugars with excess 
of phenyl hydrazine on heating in dilute acetic acid solution. An 
orange-yellow insoluble phenyl osazone is formed, which serves to 
characterise glucose even when present only in very small quantities, 
though not to distinguish it from sonje of the isomeric hexdses which 
give the same or closely related phenyl osazones. The use of phenyl 
hydrazine possesses further a historical interest, as in the hands of 
Emil Fischer it served as one of the chief aids in the elucidation of 
the chemistry of the carbohydrates. 

Glucose reacts with phenyl hydrazine in acid solution, acetic acid 
being usually employed, in two stages. In the first, which takes place 
in cold solution, a phenyl hydrazone is formed : — 

CflHiA + CflHs . NH . NHa - CjHiA . CH : N . NH . CflH^ + Hfi. 
This is a colourless compound, sofiible in water, and exists in two 
modifications, one or other of which is obtained according to the 
method of preparation (cf. p. i6). 

The phenyl hydrazones of glucose and most of the other sugars, 
being easily soluble, are not adapted for characterising the parent 

^ The decomposition of the sugars by means of alkalis has been frequently studied of 
late years and the products formed compared with the hypothetical intermediate products 
of alcoholic fermentation. The ..subject, however, is still in too chaotic a state to repay 
discussion here. The decomposition, in particular of milk sugar, by lime to form the 
so-called saccharins (Kiliani) is also outside the range of this monograph. 
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sugars. An exception is afforded by mannose, which forms an almost 
insoluble phenyl hydrazone, and can thus be very readily detected. 
This compound affords a striking illustration of the influence exer- 
cised by the configuration of the molecule on its physical properties. 
Sparingly soluble phenyl hydrazones are also formed by the methyl 
pentoses. 

Asymmetrically disubstituted hydrazines of the type, NHg . NR . 
CgHg, such as methylphenyl, benzylphenyl or diphenyl hydrazines, also 
react with the sugars, and some of these hydrazones are sparingly 
soluble and are characteristic of a particular sugar. Many of them 
are included in the following Table IV. In some instances two forms 
of the hydrazone have been described. 



TABLE IV. 
MELTING-POINTS OF SUGAR HYDRAZONES AND OSAZONES. 





Arabinose. 


Glucose. 


Mannoae. 


GalMtose. 


Maltose. 


Lactose. 


Hydrazones, 














Phenyl hydrazone 


I5i*-I53° 


\i44*'-i46°j 


iseo-iss" 


I58» 


— 


— 


^-Bromophenyl hydrazone . 


150° 


147' 


aoS'-aio" 


168° 


— 


— 


a-Methylphenyl hydrazone . 
a-Ethylphenyl hydrazone 


i6i« 


130" 


tjef 


180° 


— 


— 


153° 




159' 


I69» 


— 


— 


a-Amylphenyl hydrazone 


120° 


I28« 


134° 


116° 


— 


123° 


a-Allylphenyl hydrazone 


'< 


^IK 


'!»! 


157" 


— 


I3f 


a-Bcnzoylphenyl hydrazone . 


170° 


^^K 


165° 


154° 


— 


I28» 


Diphenyl hydrazone . 


aiS** 


161° 


155° 


157° 


— 


— 


j3-Naphthyl hydrazone . 


141° 


""■ 


i57» 


xe?" 


176" 


203° 


Osaxones, 














Phenyl osazone . 


160" 


208° 


aoSf 


I93» 


206° 


200° 


^-Bromophenyl osazone 
/-Nitrophenyi osazone . 


i96°-200° 


222** 


— 





ig2P 


— 


"" 


257° 


~ 


" 


261° 


358° 



To prepare the phenyl osazone glucose is heated with a consider- 
able excess of phenyl hydrazine ^ (3-4 mols.) and acetic acid, the vessel 
being immersed in rapidly boiling water for an hour or more, when 
the insoluble osazone separates : it is best purified by crystallisation 
from a dilute solution of pyridine. The excess of phenyl hydrazine 
acts as an oxidising agent towards the phenyl hydrazone, converting 
the penultimate — CH(OH) group into — CO, and being itself reduced 
to aniline and ammonia. The CO group so formed interacts with a 
further molecule of phenyl hydrazine to form the osazone : — 

^ It is important that the phenyl hydrazine should be almost colourless and free from 
oxidation products. 
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CHO 

CH(OH) 

CH(OH) 

CH(OH) 

CH(OH) 

CH,{OH) 
Aldose 



CH : N . NHPh 

I . 
CH(OH) 

CH{OH) 

CH(OH) 

CH(OH) 

CHj(OH) 
Hydrazone -> 



CH : N . NHPh 

lo 

CH{OH) 

CH(OH) 

CH(OH) 

CH,(OH) 
Oxidation product 



CH : N . NHPh 

C : N . NHPh 

I 
CH(OH) 

CH(OH) 

CH(OH) 



d 



H,(OH) 
Osazone 



Glucose, mannose and fructose yield the same phenyl osazone. 
The osazones of the different sugars are as a class very similar in 
properties, those formed by the disaccharides being distinguished by 
their greater solubility in boiling water. The melting-points of the 
osazones depend very largely on the rate of heating and on the 
method of purification adopted, and too much dependence is not to 
be placed on them in identifying unknown sugars. Fischer, for 
example, states that carefully purified glucosazone heated rapidly in 
a narrow capillary tube begins to melt at 208** (corrected), and com- 
pletely melts at this temperature with decomposition if the source of 
heat be withdrawn. When heating is continued at the same rate the 
thermometer rises to 213° before the glucosazone completely melts. 
When the heating is slower the substance b^ins to sinter and melt at 
I95^ In the case of the disaccharides, where the purification of the 
osazone is more difficult, the determination of the exact melting-point 
is even less reliable. 

The asymmetrically disubstituted hydrazines do not form osazones 
with glucose on account of their being unable to act as oxidising 
agents. Fructose is more easily attacked by them, probably in conse- 
quence of the presence of the CHgCOH) . CO group, and yields a 
methylphenyl osazone. 

It is often a matter of considerable difficulty to obtain a carbo- 
hydrate in a pure state from solutions which may also contain inorganic 
salts or nitrogenous substances. One of the adopted methods is to 
isolate the phenyl hydrazone, purify this by crystallisation, and decom- 
pose it into sugar and phenyl hydrazine. Fischer originally used fuming 
hydrochloric acid to effect the decomposition. Benzaldehyde was sub- 
stituted for this by Herzfeld ; the phenyl hydrazone is boiled in water 
with a slight excess of benzaldehyde, and the phenyl hydrazine re- 
moved from solution as insoluble benzaldehyde phenyl hydrazone, 
CeHiA : N . NHPh + CaH^ . CHO-C.HiPe + CeHgCH : N . NHPh. 
This method was repeatedly adopted with success by Fischer, but it gives 
less satisfactory results with the disubstituted hydrazones, in which case 
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formaldehyde may with advantage be substituted for benzaldehyde, as 
suggested by Ruff and Ollendorf. The hydrazone is dissolved in dilute 
formaldehyde and heated at the temperature of the water bath, 
QHiaO^ : N . NRR' + HCHO - C.U^^O^ + H . CH : N . NRR'. The 
excess of formaldehyde is removed and the pure sugar solution 
concentrated in vacuum. 

Fuming hydrochloric acid acts on the osazone in the same manner 
as it does on the hydrazone, eliminating in this instance both hydra- 
zine groups to form an osone : — 

CH : N . NHPh HCl, HjO CHO HCl . HgN . NHPh 

I + I + 

C:N.NHPh HCl, H,0 CO HCl . H,N . NHPh 

CH(OH) CH(OH) 

CH(OH) CH{OH) 

CH(OH) CH(OH) 

CHa(OH) CHa(OH) 

Phenyl osazone. Osone. 

Glucose, mannose and fructose, which form the same phenyl osazone, 
likewise form the same osone. These osones are colourless syrups ; 
they act as strong reducing agents, and combine directly with phenyl 
hydrazine or with disubstituted phenyl hydrazines forming osazones. 
The osones combine also with ^-phenylene diamine. They are not 
fermentable. On reduction glucosone is converted into fructose. 
This is the only method available of regenerating a sugar from the 
phenyl osazone. When the sugar originally used w?is an aldose the 
corresponding ketose results. The method is of great historical 
interest, as by its aid Fischer established the nature of the synthetical 
a-acrose. The osazones of the disaccharides are hydrolysed by acids 
to hexose, hexosone and phenylhydrazine — 

CeHiA. O. CeHio04(N,HPh)a + 2HCI + sHjO 
= CflHiA + CeHioOe + 2NH2 . NHPh . HCl 
Hexose. Hexosone. 

— and Fischer's hydrochloric acid method is thus not available for the 
conversion into osone. Since, however, the osazones of the disac- 
charides are soluble in boiling water, it is possible to remove the 
phenyl hydrazine residues by means of benzaldehyde (Fischer and 
Armstrong), and so obtain the osones — 

CeHiiOg . O . CHj . [CH . OH^ . CO . CHO 
These osones are similar to glucosone in properties : they are hydro- 
lysed by enzymes in the same way as the parent disaccharides. 
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Reduction.— When reduced with sodium amalgam, glucose and its 
isomerides form the corresponding hexahydric alcohols, two hydrogen 
atoms being added to the hexose. Sorbitol is formed from glucose, 
mannitol from mannose and dulcitol from galactose. Fructose yields 
a mixture of the two alcohols, sorbitol and mannitol (see p. 40). These 
alcohols have the following configuration formulae : — 

CHj.OH CHj.OH CHj.OH 

HC .OH HO . CH HC . OH 

HO . CH HO . CH HO . CH 

HC.OH HC.OH HO.CH 

HC.OH HC.OH HC.OH 

CHj.OH CHj.OH CHj.OH 

Sorbitol. Mannitol. Dulcitol. 

All three alcohols occur in plants, mannitol being widely distributed. 
In the fungi and some other orders mannitol exceeds glucose in quan- 
tity, or even replaces it. It has a sweet taste. None of the alcohols 
are fermented by yeasts; mannitol, however, is a product of some 
bacterial fermentations, and is attacked by many moulds and bacteria. 
Dulcitol, no doubt on account of the difference in configuration, is in 
general far more resistant to bacterial attack. 

Oxidation, — Glucose gives rise to three acids, containing the same 
number of carbon atoms on oxidation ; two of these acids are mono- 
basic, the third is dibasic. Their structure is as follows: — 

CHO COgH CHO CO,H 

.^ ^ (CH . 0H)4 (CH . OH)4 (CH . OH)4 (CH . OH^ ^ t ^ 1 1 ^ j 

4" CHjOH CH2OH CO,H COjH 



O^ 



Glucose. Gluconic acid. Glucuronic acid. Saccharic acid. 



In gluconic acid the aldehyde group of glucose is oxidised to carboxyl : 
it is conveniently prepared by the action of bromine on glucose. 
Gluconic acid in solution very readily passes over into a 7-lactone, the 
change, which is accompanied by an alteration in rotatory power, 
being a reversible one. Action is not complete, but continues until an 
equilibrium between acid and lactone is reached. Mannose and other 
aldoses form mannonic acid and similar acids corresponding to gluconic 
acid. 

An important property of gluconic and similar acids, and one 
which has been of the utmost value in effecting the synthesis of the 
sugars, is their behaviour on heating with quinoline or pyridine. It is 
well known that in most substances containing an asymmetric carbon 
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atom, when they are heated, rearrangement takes place, so as to form 
the corresponding antimere mixed with the original substance. When 
gluconic acid is heated with quinoline or pyridine at 130"*- 150* it is 
partially converted into mannonic acid. The rearrangement is appar- 
ently restricted to the groups attached to the a-carbon atom, as is the 
case in the transformation of glucose to mannose by alkalis. It is 
reversible, mannonic acid being converted into gluconic acid : — 

CO,H COjH 

H.C.OH _^ HO.C.H 



{CH.OH), ^ (CH.OH), 

dHjOH 6HjOH 

<f-Gluconic acid. > <f-Mannonic acid. 

Similarly, af-galactonic and d-tslonic acid are mutually interconvertible. 

Saccharic acid is formed by the action of nitric acid on glucose ; 
it forms a sparingly soluble acid potassium salt, which serves as a test 
for glucose. Saccharic acid is also produced from sucrose, raffinose, 
trehalose, dextrin and starch, all of which contain glucose. On the 
other hand, mucic acid — the corresponding oxidation product of 
galactose — is produced by the action of nitric acid on galactose, 
dulcitol,^ lactose, tnelibiose and the gums. 

Glucuronic Acid.^ — Physiologically the most interesting oxidation 
product of glucose is glucuronic acid, which is frequently found in the 
urine, combined with a variety of substances, forming compounds of 
glucosidic nature. It has not yet been identified as a plant product. 
Normally glucose is rapidly oxidised in the animal organism to carbon 
dioxide and water. When certain substances such as chloral or cam- 
phor, which are oxidised in the body only with difficulty, are brought 
into the system the organism has the power of combining them with 
glucose to form glucosides. In such compounds one end of the glucose 
molecule is shielded from attack, but oxidation takes place at the other 
extremity of the molecule, and a glucuronic acid derivative is formed. 
They are excreted in the urine. The faculty of removing injurious 
substances from circulation in combination with glucose seems to 
be common to both the animal and the vegetable kingdom, and the 
glucosides in the plant may be compared to the glucuronic acid de- 
rivatives in the animal. The glucuronates behave like glucosides, and 
form glucuronic acid when hydrolysed by mineral acids. The glu- 
curonate most commonly employed for the preparation of the acid is 
euxanthic acid, a substance obtained in India from the urine of cows 
which have been fed with mango leaves. Euxanthic acid is very 

^ Also written Glycuronic acid. 
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readily hydrolysed by dilute acids and breaks down into euxanthon 
and glucuronic acid — 

A number of substances when introduced into the organism are 

excreted in the urine as " paired ** glucuronic acid compounds. The 

most important are included in the following list : — 

isopropyl alcohol 
methylpropyl carbinol 
methylhexyl carbinol 
tertiary butyl alcohol 
tertiary amyl alcohol 
pinacone 

As the formula indicates, glucuronic acid is the first reduction product 
of saccharic acid, and it was obtained in this way by Fischer and Piloty 
from saccharic acid lactone. Glucuronic acid forms a lactone which 
crystallises well. The paired acids are laevorotatory. 

Sjrnthesis and Degradation. — The methods devised in the 
laboratory for the formation of carbohydrates containing a greater or 
lesser number of carbon atoms than six in the chain are of interest 

The aldoses combine directly with hydrogen cyanide forming 
nitriles; these, when hydrolysed, give rise to acids containing one 
carbon atom more than the original carbohydrate. 

C5HUO5 . CHO + HCN = CbHiiOb . CH(OH) . CN -► 
C^HuGs . CH(OH) . CO,H -> CbHuOj . CH(OH) . CHO 

The lactones of these acids, when reduced with sodium amalgam, 
yield the corresponding aldoses with one carbon atom more than the 
original carbohydrate. 

In this manner glucose can be obtained from arabinose, gluco- 
heptose from glucose. The process has been continued by Fischer 
as far as the aldononoses in the case of glucose and mannose. It 
would be possible by such a method to advance step by step from 
formaldehyde to the higher sugars, but the operation would demand 
the expenditure of very large quantities of material. 

The cyanohydrin synthesis, however, is not in reality so simple as 
just pictured, inasmuch as usually two stereoisomeric nitriles are formed 
simultaneously. Arabinose gives both glucose and mannose, glucose 
yields two glucoheptoses. On the basis of the aldehydic formula for 
glucose a new asymmetric carbon atom is created in the nitrile, and, 
according to the ordinary rules, two forms will be produced unless the 
synthesis is asymmetric in character. Mannose affords the only in- 
stance at present recorded in which only one nitrile is formed. 

An alternative view of the synthesis, based on the closed-ring 
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formula, considers the two nitriles as formed simultaneously from a- and 
)8-glucoses by a process involving first the rupture of the 7-oxide ring, 
and secondly the addition of hydrogen cyanide. The presence of a- 
and )8-glucose in unequal proportions and the probable difference in the 
rate of formation of the addition product in the two cases will explain 
the formation of the isomeric nitriles in unequal proportions. The 
various stages of the operation are formulated below in the case of the 
o-derivative — 



HO— c— H 

HCOH \ 



CN 



HO— C— H 
HCOH \ 



HO" 



CH / H - HOCH 



V 



Hi. 
i 



OH 



Ho. OH 
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ft/ 
i 

CHj. 



Hydrolysis 



CO,H 

HOCH 

/ 
HCOH 

HOCH 

HCOH 



HC.OH 



HCC 



OH 



a-Giucose 



-> a-Glucose nitrile 




:oH 

CHjOH 
a-Glucoheptonic acid. 

CHO 



HC.OH 



Reduction 
-> 



CH, . OH 
Lactone of a-Glucoheptonic acid. 



HO.CH 

.i 

HO.CH 
HC.OH 
HC.OH 
CH,. 



OH 



a-Glucoheptose, aldehyde formula. 
The degradation of a sugar, /.^., the conversion into one with 
fewer carbon atoms, has been studied by two experimental methods. 
In that of Wohl the oxime of glucose is heated with concentrated 
sodium hydroxide and converted into the nitrile of gluconic acid, from 
which, on further heating, hydrogen cyanide is eliminated and a pentose 
— ^rabinose — formed. The following scheme shows the changes : — 



CHO 

CH(OH) 

CH(OH) 

CH(OH) 

CH(OH) 

CH,(OH) 
Glucose 



CH : N . OH 

CH(OH) 

CH(OH) 

CH(OH) 

CH(OH) 

CH2(0H) 
Oxime 



CN + H,0 

I 
iCH(OH) 



-> I 
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CH(OH) 
CH(OH) 

CH,(OH) 

Nitrile 



HCN 
CHO 
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H(OH) 



CH{OH) 

CH(OH) 

CH,(OH) 
Arqbinose 
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In practice it is preferable to heat the oxime with acetic anhydride 
and a grain of zinc chloride : a vigorous reaction ensues, and the pent- 
acetate of gluconic acid nitrile is formed from which hydrogen cyanide 
is eliminated by treatment with ammoniacal silver oxide. 

The alternative method due to Ruff makes use of Fenton's mode 
of oxidation with hydrogen peroxide and ferrous salts. The aldose 
is first converted into aldonic acid, the calcium salt of which is sub- 
jected to oxidation, with the result that the carboxyl group is 
eliminated and a pentose formed 



CHO 

CH(OH) 

CH(OH) 

CH(OH) 

CH(OH) 

CH,(OH) 
Aldohexose. 



COjH 

CH(OH) 

CH(OH) 

CH(OH) 

CH(OH) 

CHj(OH) 
Aldonic acid. 



COj + Ufi 

CHO 

CH(OH) 

CH(OH) 

CH(OH) 

CHj{OH) 
Aldopentose. 



Either of these methods is equally applicable to the conversion 
of a pentose into a tetrose, and by them it would be possible to 
pass from glucose to formaldehyde. 

Interconversion of Glucose, Fructose and Mannose.— Glucose, 
fructose and mannose pass over into one another in aqueous solution 
in presence of alkalis. This most important transformation was first 
observed by Lobry de Bruyn and Van Ekenstein ; it takes place slowly 
at ordinary temperatures, quickly and with much decomposition at 
higher temperatures. Starting from glucose, the optical rotation is 
observed to fall to about o** ; considerably more fructose than mannose 
is formed in the final product. The change was rightly explained by 
Wohl as due to conversion into the enolic (unsaturated) form common 
to all three carbohydrates : — . 



CHO 
HCOH 
HOCH 
HCOH 



CHO 
HOCH 
HOCH 
HCOH 



HCOH 
I 
CH2(0H) 

Glucose. 



HCOH 

CHa(OH) 
Mannose. 



CH,(0H) 

. CO 

HOCH 

HCOH 

HCOH 

CHj{OH) 
Fructose. 



CH(OH) 

II 

C.OH 

HOCH 

HCOH 

HCOH 

CH,(OH) 
Enolic form. 



^J 



The sugar originally present is slowly transformed into enol ; this 
is reconverted into all three of the possible hexoses. It is to be sup- 
posed that the formation of enol from each one of the hexoses and the 
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reverse changes all take place with different velocities ; the reaction is 
further complicated by secondary stages. 

For example, fructose can give rise to a second enolic form, and 
this will occasion the formation of other isomerides, e,g.y glutose : — 

CH,(OH) CHj(OH) CHs(OH) 

CO COH CH(OH) 

HOCH COH CO 

HCOH HCOH HCOH 

HCOH HCOH HCOH 

CH (OH) CH,(OH) CH,(OH) 

Fructose. Second Enolic form. Glutose. 

which Lobry de Bruyn has isolated as a regular product of the trans- 
formation of glucose. The change is obviously exceedingly complicated. 
Prolonged action of the alkali or action at a high temperature leads 
to the formation of hydroxy acids. 

The guanidine compounds of glucose, fructose and mannose show 
changes of rotatory power in aqueous solution due to the interconver- 
sion of the three hexoses brought about by the guanidine. The changes 
are very similar to those caused by alkalis, but fewer side reactions 
take place in the case of guanidine. 

Since lactic acid and various hydroxy acids result from the action 

of alkalis on glucose (p. 21), the action of ammonia might cause the 

formation of alanine or other amino acids. Windaus and Knoop, in 

investigating this point, find that the strongly dissociated zinc hydroxide 

ammonia acts on glucose even in the cold, producing methyl glyoxal- 

ine, a closed-ring compound containing nitrogen. Amino acids are 

not formed. To explain this transformation, it is assumed that glyceric 

aldehyde is first formed, which passes into methyl glyoxal ; this in its 

turn is acted upon by ammonia and formaldehyde to give methyl 

glyoxaline : — 

CHj.C.NHv 
CH, . CO . CHO + 2NH, + HCHO - 1 1 ^CH 

CH.N^ 

Windaus finds that the reaction is not confined to glucose, but that the 
same methyl glyoxaline is yielded by mannose, fructose, sorbose, 
arabinose, xylose and rhamnose, or by the disaccharide lactose. 

tf-Glucosamine. — Glucosamine, or aminoglucose, is of interest as 
being the first well-defined carbohydrate compound isolated from an 
animal tissue (Ledderhose, 1878). It is obtained by boiling the shells 
of lobsters, particularly the claws, with concentrated hydrochloric acid. 
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The glucosamine hydrochloride so formed is a colourless crystalline 
compound. Lobster shell consists of carbonate of lime and a substance 
termed chitin, and yields acetic acid, besides glucosamine on hydrolysis. 
Chitin is stated by Offer to be a monoacetyl diglucosamine ; quite 
recently Irvine has established the identity of the chitins derived from 
various invertebrate animal structures. He considers chitin to contain 
acetylamino glucose and amino glucose residues in the proportion of 
three to one, in agreement with the formula (CaoHj^OigN^V 

Glucosamine was obtained by Winterstein from fungus cellulose ; 
indeed chitin seems to be the most important cell-wall material of the 
fungi. Glucosamine is a constituent of the mucins and mucoids. It 

has the formula : — 

H H OH 
CHjOH . C . C . C . CH(NHa) . CHO 
OH OH H 

the stereochemical position of the amino group being as yet uncertain. 

Glucosamine is prepared from the hydrochloride by decompos- 
ing it with diethylamine (Breuer) or sodium methoxide (Lobry de 
Bruyn). It derives special interest from the fact that it may be 
regarded as a link between the carbohydrates and the o-hydroxyamino 
acids. The synthesis of glucosamine, by Fischer and Leuchs, which 
at the same time established its constitution, thus becomes of enhanced 
importance. By the combination of rf^rabinose and ammonium 
cyanide, or of rf-arabinoseimine with hydrogen cyanide, rf-glucosaminic 
acid was obtained and its lactone reduced to glucosamine. Glucosa- 
mine forms a penta-acetyl derivative and also an oxime, semi-carbazone 
and phenyl hydrazone, but it cannot be converted into glucose, though 
it gives glucose phenyl osazone when heated with phenyl hydrazine. 
Nitrous acid converts it into a compound (C^jHjoOg), formerly regarded 
as a sugar, and termed chitose : this forms chitonic acid when oxi- 
dised. Glucosamine is often regarded as a derivative of chitose, and 
termed chitosamine. 

Chitose was shown by Fischer and Andreae to be a hydrated 
furfurane derivative rather than a true sugar, formed by simultaneous 
elimination of the amino group and anhydride formation. It has the 
formula : — 

HO . CH— CH . OH 
(CHaOH).CH CH.CHO 

o 
Isomeric with glucosamine is isoglucosamine, obtained by Fischer by 
reducing phenyl glucosazone. This has the formula : — 

CH,(OH) . [CH(0H)]5 . CO . CHj . NHj 
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Lobiy de Bruyn has shown that glucosamine in aqueous solution 
changes to a substance which can be obtained more readily by the 
action of alcoholic ammonia on fructose. This substance yields a 
pyrazine derivative on oxidation (Stolte), and its formation from 
glucosamine would appear to take place according to the equation : — 
2C,H„05N + O = CuH^jOgN, + 3H,0. 

The product, for which the name " fructosazine " is suggested, has been 
shown to be 2, 5 - ditetrahydroxy butylpyrazine. 

But little is at present known of the amino derivatives of other 
carbohydrates. 
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CHAPTER III. 



THE HEXOSES AND PENTOSES. 



The general properties of the monosaccharides have been fully dealt 
with in the foregoing and exemplified in the case of glucose. In 
dealing with the remaining hexoses it is only necessary to recapitulate 
briefly their more important properties and any salient points of differ- 
ence from glucose. 

Glucose and fructose are the only two of the monosaccharides which f 
occur naturally. The others are found in nature as polymerides, or in 1 
the form of alcohols, and are prepared by hydrolysis or oxidation. 

Fructose and sorbose are types of the ketohexoses, a group which 
has been much less investigated than the aldohexoses. Both fructose 
and sorbose have the ketonic oxygen attached to the a-carbon atom, 
but a number of other isomerides are possible in which the keto group 
is situated elsewhere in the molecule. The ketohexoses do not yield 
acids containing the same number of carbon atoms on oxidation, but 
the molecule breaks into two at the ketonic group. 

TABLE v.— THE MONOSACCHARIDES. 






Trioses. 




Tetroses. 


Aldose 
Keiose 


Glyceric aldehyde 
Dioxyacetone ' 




Aldoses d' and /-Erythrose 
d' and /-Threose 


Pentoses. 




Methylpentoses. 


Aldoses 


d- and /-Arabinoae 
d' and /-Xylose 
/-Ribose 
/-Lyxose 


Hexoses. 


Aldoses Rhaninose 

Fucose, Rhodeose 
Chinovose 


Aldoses 


Mannitol series 
d' and /-Glucose 
d' and /-Mannose 
d- and /-Gulose 
d- and /-Idose 




Dulcitol series 
d' and /-Galactose 
d' and /-Talbse 


Ketoses 


Fructose 
Sorbose 




Tagatose 


Heptoses. 




OCTOSES. 


NONOSES. 


Mannoheptose 

Giucoheptose 

Galactoheptose 


Mannooctose 

Glucooctose 

Galactooctose 


Mannononose 
Glucononose 
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Mannose. — ^^-Mannosei is widely distributed in nature in the 
form of anhydride-like condensation products termed mannosans 
which are converted into mannose when hydrolysed by acids ; it 
does not occur in more simple form. A convenient source for its 
preparation is the vegetable ivory nut. Mannose is the true aldehyde 
of mannitol, and may be obtained from it by oxidation. It is of 
interest that it was first prepared by Fischer and Hirschberger in this 
manner, and only subsequently identified as a natural product. It is 
very similar to rf-glucose in its general properties, exhibits mutarota- 
tion, and forms the same phenyl osazone as glucose and fructose. 
Mannose is altogether remarkable in forming a sparingly soluble 
phenyl hydrazone, which enables it to be very easily identified. This 
hydrazone is precipitated within a few minutes when phenyl hydrazine 
is added to a solution of mannose. 

Mannose forms an additive compound with hydrogen cyanide 
which, on hydrolysis, yields mannoheptonic acid. Apparently one 
only of the two possible isomerides is formed. The mannoheptose 
obtained from this is very similar to mannose, and forms a sparingly 
soluble phenyl hydrazone. On reduction it yields the alcohol C^HigOy 
identical with the natural perseitol. 

Galactose. — ^Galactose occurs as a constituent of milk sugar 
and raflSnose, also in many gums and seaweeds as the polymeric form 
galactan ; its presence in the form of a galactoside is very rare. It 
resembles glucose in properties ; characteristic is the formation of mucic 
acid on oxidation with nitric acid, and this may be used for its identifi- 
cation. By the action of alkalis it is transformed into rf-talose and 
rf-tagatose. It is fermented by some yeasts, but not by all those which 
ferment glucose; a fact which has been taken as indicating that a 
special galacto-zymase is required for the fermentation. 

a-Methyl galactoside is not hydrolysed by enzymes ; )8-methyI 
galactoside is attacked, like milk sugar, by the lactase of kephir, by 
the lactase present in some yeasts, and by a lactase present in an 
aqueous extract of almonds (see Chapter V.). 

Under abnormal conditions galactose is formed in the sugar beet, 
and appears in combination with sucrose as the trisaccharide, raffinose. 
The quantity of raffinose is increased abnormally by disturbances of 
growth, such as those occasioned by sudden frost. Under these con- 
ditions the galactans are supposed to undergo hydrolysis and form 
galactose. Apparently the plant, when confronted with galactose, 
utilises it first to form a disaccharide, melibiose, composed of glucose 
and galactose, and then makes use of the glucose half in this di- 
^ For the configuration formula, see Table I., p. 9. 
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saccharide, according to its fixed habit, by combining it with fructose, 
with the result that a compound carbohydrate containing all three 
simple hexoses is formed. 

Galactose is the sugar of the brain whence it was isolated and 
described under the name cerebrose by Thudichum. It is a con- 
stituent of the cerebrosides known as phrenosin and kerasin. 

Fructose. — rf-Fructose or Laevulose, discovered by Dubrunfaut in 
1847, occurs together with glucose in the juices of fruits, etc.,. the 
mixture being often termed fruit sugar or invert sugar. Combined 
with glucose it occurs as cane sugar, raffinose, etc. The polysaccharide 
inulin yields fructose alone when hydrolysed. Fructose is a ketohexose 
of the following constitution : — 
CH, . OH 

COjf HOC CH 

HOCH ^ HO 



HO 
HO 



CH2(0H)— C CH . CHjOH 

OH /\ / 

HO \ / 

OH \ / 



CHjOH 
Fischer forin.ula. y-Oxide formula. 

Fructose crystallises less easily than glucose, and its derivatives 
are also difficult to crystallise. It exhibits mutarotation, and, like 
glucose, exists in solution presumably as an equilibrated mixture of 
stereoisomeric forms. It is remarkable for the very large change pro- 
duced in the specific rotatory power by changes of temperature. The 
rotatory power falls (/.^., becomes less negative) as the temperature is 
increased, and at 82° C. it is equal and opposite to that of glucose. 

Fructose shows a number of characteristic reactions. Hydrogen 
bromide interacts with fructose in ethereal solution to form bromo- 

methylfurfural ^tt . r/PHO') /^' ^ substance which crystallises in 

golden yellow rhombic prisms ; the ethereal liquid is coloured an 
intense purple red (Fenton and Gostling). A /8-oxy-7-methyIfurfural 
is produced on heating concentrated solutions of fructose under pres- 
sure, preferably with oxalic acid. 

On prolonged boiling with dilute mineral acids laevulinic acid, 
CH3 . CO • CH2 . CHg . COgH, is formed together with formic acid and 
humus substances. 

When oxidised by means of mercuric oxide fructose forms 
glycollic acid, CHgCOH) . COgH, and trihydroxyglutaric acid, 
C02H.(CH.OH)3.C02H. 



3* 
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By the action of methyl alcohol and hydrogen chloride on fructose 
a syrup is obtained which probably represents a mixture of methyl 
fructosides. This syrup is partially hydrolysed by yeast extract, but, 
inasmuch as Fottevin has shown that it is not hydrolysed by S. octo- 
sforusy Mucor mucedo and other ferments which attack cane sugar and 
maltose, the hydrolysis is presumably caused by an enzyme other 
than invertase or maltase (see Chapter IV.). 

Fructose, like glucose, forms an additive compound with hydrogen 
cyanide which yields fructose carboxylic acid on hydrolysis ; this, when 
boiled with hydriodic acid, is converted into methyl butylacetic acid, 
C^Hg . CHMe . COgH. This reaction and the behaviour on oxidation 
establish the formula of fructose. 

Fructose forms the same osazone as glucose ; it also forms 
osazones with some disubstituted phenyl hydrazines, the primary 
CHgCOH) group being more easily oxidised by these than the 
secondary CH(OH) group in glucose. 

Sorbose. — Sorbose was originally discovered by Pelouze in 1852 
and was isolated from the juice of mountain ash berries which had 
been exposed to the air for many months. These berries contain the 
alcohol sorbitol, which, under the influence of an oxidising organism, 
shown by Emmerling to be identical with the bacterium xylinum of 
Adrian Brown, is oxidised to sorbose. The brilliant researches of 
Bertrand have given a complete explanation of the transformation, 
and have rendered the preparation of sorbose a relatively simple 
matter. Sorbose is a ketose having the formula : — 

CHjOH 

CO 

HOCH 

HCOH 
HOCH 
CH,OH 

It has a marked crystallising power, is not fermentable, and generally 
behaves as fructose ; on reduction it yields sorbitol. Lobry de Bruyn 
has shown that under the influence of alkali rf-sorbose is converted 
into rf-gulose, rf-idose and /-galactose, and so affords a connecting-link 
between hexoses of the mannitol and dulcitol series. This reaction is of 
importance, as the direct synthesis of a hexose of the dulcitol series 
has not been achieved. 
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The Pentoses C5H10O5. — Only two pentoses occur naturally, 
/-arabinose and /-xylose. These are widely distributed in the vege- 
table kingdom as polysaccharides of high molecular weight, the so- 
called pentosans, and are never found as the simple sugars. Xylose 
occurs in straw, arabinose in gums. In the animal kingdom pentoses 
form an important constituent of the nucleoproteins and nucleic acids. 
The pentosans are resistant towards alkali, and require prolonged 
heating with mineral acids to effect hydrolysis. No ferments are 
known which hydrolyse them. Inasmuch as the pentoses, in particular 
xylose, function essentially as skeletal, and not as food products in 
the plant, it is to be expected that they will be outside the range of 
plant ferments. 

The eight possible aldopentoses are given in the following table, 
together with their configuration formulae. The table also contains the 
remaining lower members of the group of monosaccharides, viz.^ 4 
tetroses and 2 trioses. Both the natural pentoses belong to the /-series* 
The rf-isomeride of arabinose can be obtained from ^glucose by the 
degradation methods indicated in the previous chapter. 











TABLE VI. 












Aldopentoses. 




CHO 


CHO 


CHO 


CHO 


HO 


H 


H 


OH 


H 


OH 


HO 


H 


HO 


H 


H 


OH 


HO 


H 


H 


OH 


HO 


H 


H 


OH 


H 


OH 


HO 


H 


CHsOH 


CHjOH 


CHjOH 


CH,OH 


/.Ribose. 


<2-Rib08e 


./-Xylose. 


d-Xylose. 


• 


Unknown. 






CHO 


CHO 


CHO 


CHO 


H 


OH 


H 


OH 


HO 


H 


HO 


H 


HO 


H 


H 


OH 


H 


OH 


HO 


H 


HO 


H 


HO 


H 


H 


OH 


H 


OH 


CH2OH 


CHjOH 


CHjOH 


CHjOH 


/-Afabinose. 


/-Lyxose 
Unkinown, 


<2- Arabinose. 
Aldotetroses. 


<2-^Lyxo8e. 


CHO 


CHO 


CHO 


CHO 


HOH 


HOH 


H OH 


HO H 


HOH 


HOH 


OH H 


H OH 


CHjOH 


CHjOH 


CHjOH 


CHjOH 


i-Erythrosc. 


rf-Erythro8«. 


rf-Threose 
Unknown. 

Aldotriose. 


/-Threose. 




CHO CHO 






HCOH HOCH 






CH2OH CH,OH 












d' and Z-Glycero 


se. 
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Although belonging to the /-series, the natural pentoses are in 
reality closely related to the natural hexoses. As the formulae below 
show, the arrangement of the groups on the upper four carbon atoms 
is the same in each case in galactose and arabinose, and the same also 
in glucose as it is in xylose : — 



CHO 
HCOH 
HOCH 
HCOH 

CH,OH 


CHO 

HCOH 

HOCH 

HCOH 

HCOH 

CHjOH 
(/-Glucose. 


CHO 
HCOH 
HOCH 
HOCH 

CHjOH 


CHO 
HCOH 

HOCH 

HOCH 

HCOH 

CH,OH 
(/•Galactose. 


/-Xylose. 


/•Arabinose. 



In this connection, it is not without interest that some polysaccharides 
yield both xylose and glucose on hydrolysis, whilst arabinose and 
galactose occur together in many gums. 

When the cyanohydrin synthesis is applied to natural /-arabinose 
a mixture of two nitriles is obtained, and the corresponding acids, 
when reduced, give rise to /-glucose and /-mannose ; similarly, /-xylose 
can be converted into /-gulose and /-idose. ^Glucose, when degraded 
by the methods of Ruff or Wohl, gives Arabinose ; ^galactose forms 
^lyxose. The carbon atom which requires to be eliminated in order 
that rf-glucose may give rise to the natural /-xylose, a transformation 
which there is reason to think may take place in the plant, is not the 
one affected by the processes described, but is situated at the extreme 
end of the chain. No chemical means of effecting this change has as 
yet been discovered. 

Arabinose and xylose show the usual aldose reactions. They are 
not fermented by yeasts. Arabinose forms a characteristic, almost 
insoluble, diphenyl hydrazone. Xylose is best recognised by conver- 
sion into xylonic acid, and isolation of this as the cadmium bromide 
double salt. 

Pentoses are determined quantitatively by distillation with hydro- 
chloric acid when furfural is formed. This is coupled with phloro- 
glucinol, and the condensation product isolated and weighed. The 
colour reactions obtained on heating with orcinol or phloroglucinol 
and hydrochloric acid are very characteristic, and frequently used for 
detecting the pentoses. 
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Methyl Pentoses. — ^A class of carbohydrates, of which several re- 
presentatives have been discovered latterly in plants, is the methyl 
pentoses. In these one of the hydrogen atoms in the primary alcohol 
group of the pentose is replaced by methyl. The biochemical signifi- 
cance of these compounds is not yet understood. They show most of 
the characteristic reactions of glucose, but are not fermentable by yeasts. 

Rhamnose, CgHigOg, is a constituent of many glucosides, the best 
known of which are quercitrin and xanthorhamnin. It occurs particu- 
larly in combination with flavone derivatives. Rhamnose crystallises 
with a molecule of water, the hydrate having the composition CgHj^Oe. 
In consequence of this it was at one time regarded as belonging to 
the hexahydric alcohols and termed " isodulcitol ". Rhamnose has the 
following configuration formula, in which the positions of the groups 
attached to one carbon atom are still uncertain : — 



HO 


H 


H 


C , 


, C , 


. C 


H 


HO 


HO 



CHj . CH(OH) . C . C . C . CHO 
H HO HO 

Characteristic is the formation of methyl furfuraldehyde on distilla- 
tion with acids. Rhamnose forms a phenyl osazone, and by means of 
the cyanohydrin reaction has been converted into rhamnohexose and 
rhamnoheptose. 

Other methyl pentoses are : chinovose, only known in the gluco- 
side chinovin ; fucose, which, as the polymer fucosan, is a component 
of the cell wall of many seaweeds ; and rhodeose, obtained from the 
glucoside convolvulin, which has been proved to be the optical antipode 
of fucose. Fucose has the constitution : — 

H H OH 
CHj . CH(OH) . C . C . C . CHO 
OH OH H 

Mention may be made of an altogether abnormal sugar, termed apiose, 
on account of its presence in the glucoside apiin. This contains a 
branched chain of carbon atoms, having the formula : — 

CHj0H\ 

>C(0H) . CH(OH) . CHO 
CHjOH/ 

The Carbohydrate Alcohols, — Several of the carbohydrate alcohols 
are widely distributed in the vegetable kingdom ; they occur, as a rule, 
uncombined with other substances. 

Erythritol, C4H10O4, is found in many algae and mosses ; it is optic- 
ally inactive, and has a sweet taste. 

The only naturally occurring pentose alcohol is adonitol, CgH^gOg, 
corresponding to ribose. Arabitol and xylitol are obtained on reduc- 
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tion of the corresponding aldoses. The hexose alcohols have been 
already described (p. 25). rf-Mannitol and rf-dulcitol are widely dis- 
tributed in nature ; rf-sorbitol is more rare, but it can be obtained with- 
out difficulty from ripe mountain-ash berries. Two heptose alcohols, 
CyHigOy, are known, e.g,y perseitol, occurring in Persea gratissima^ and 
volemitol, discovered in Lactarius volemusy and since identified in the 
rhizomes of some species of primula. Perseitol is the alcohol corre- 
sponding to mannoheptose. 

An octitol has been isolated from the mother liquors of the sorbitol 
preparation from the fruit of some of the rosace<B. 

These alcohols are similar in properties to mannitol. Their 
physical constants are collected in Table VII. :— ^ 

TABLE VII. 



Alcohol. 


Melting-point. 


Optical 
Rotatory Power 

[a]D. 


Erythritol . 

Adonitol 

Mannitol 

Dulcitol 

Sorbitol 

Perseitol . 

Volemitol . 






126° 
102° 

188° 
110° 
180° 
154" 


inactive 
inactive 

+ 22*5° 

inactive 
+ 12-3° 

- ^'t 
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THE DISACCHARIDES. 



The disaccharides are carbohydrates containing twelve carbon atoms, ' 
and consist of two simple six-carbon atom residues united through 
an oxygen atom. They are thus analogous to the simple glucosides, 
and when acted upon by hydrolytic agents — adds or enzymes — they 
break down with the addition of a molecule of water into their con- 
stituent simpler hexoses, which may be either aldoses or ketoses : — 

CiaHjaOu + H,0 = Cfi^fi^ + CcHjaOe. 

One of the constituent hexoses functions in the same manner as 
glucose does in the methyl glucosides : the aldehydic or ketonic 
group of the second hexose may remain functional or it may dis- 
appear. In the former case the disaccharide reduces cupric salts, 
forms an osazone, and exhibits mutarotation behaving just as 
glucose does ; in the latter all these properties are absent. Ac- 
cordingly the disaccharides are classified under two types. 

The following table contains the better-known disaccharides 
with their component hexoses and optical rotatory power. Some 
trisaccharides are also included ; also the tetrasaccharide, stachyose i-^- 



TABLE VIII. 
Disaccharides. 



Sngat. 


Components. 


Rotatory Power. 


Type 

Maltose 

Isomaltose 

Gentiobiose 

Cellobiose 

Lactose 

Isolactose 

Melibiose 

Turanose 

Sucrose 
Trehalose 


I, -^Aldehyde Group Potentially Functional. 

Glucose-a-glucoside 
Glucose-jS-glucoside 
Glucose-is-glucoside 
Glucose-jB-glucoside 
Glucose- iS-galactoside 
Glucose-galactoside 
Glucose-galactoside 
Glucose and fructose 

Type 2.— No Reducing Properties, 

Glucose and fructose 
Glucose and glucose 


+ 138° 

+ 9-6° 
+ 337° 
+ 52-5° 

•^ '<o 
+ 71-8° 

+ 66-5° 
+ 197° 
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TABLE VIII. {continued). 



Sugar. 


Components. 


Rotatory Power. 


Type I. 
Mannotriose 
Rhamninose 

Raffinose 

Gentianose 

Melicitose 

Type 2. 
Stachyose 


Trisaccharides. 

Glucose + galactose + galactose 
Glucose + rhamnose + rhamnose 

Galactose + glucose + fructose 
Glucose + glucose + fructose 
Glucose + glucose + fructose 

Tetrasaccharide. 

Fructose + glucose + galactose + galactose 


+ 167° 
- 41° 

+ 104° 

+ 94° 

+ 148° 



The disaccharides of type i form sparingly soluble phenyl 
osazones, which are difficult to purify, similar to one another, and 
do not show sharp melting-points as they decompose at the melting- 
point ; moreover, both melting-point and crystalline form are greatly 
altered by small quantities of impurities. The hydrazones, even those 
prepared from asymmetrically disubstituted phenyl hydrazines, are too 
soluble, as a rule, to be used for their isolation from aqueous solutions. 

The difficulty attending research in this group lies in the fact that 
no really characteristic derivatives of the disaccharides, by means of 
which they can be isolated and identified with certainty, are known, 
and partly for this reason but little progress has been made in the 
direction of their synthesis. 

Maltose, lactose and melibiose> which reduce Fehling's solution, 
form hydrazones and osazones with phenyl hydrazine and combine 
with hydrogen cyanide, contain, like glucose, an aldehyde group or 
its equivalent. Since they all show mutarotation, and exist in two 
modifications, there is no doubt that, like glucose, they possess a 
closed-ring structure rather than a free aldehyde group. In solution 
they exist as an equilibrated mixture of dynamic isomerides. Both 
halves of the molecule thus possess a 7-oxidic structure, one section 
only retaining the aldehyde group potentially functional. 

Interest in the configuration of the disaccharides centres round 
three main points : — 

(i) The nature of the component hexoses. 

(2) Whether they represent a- or /9-glucosides. 

(3) Which hydroxyl group functions in the attachment of the two 

hexose residues? 
The solution of the first of these problems is a simple matter. The 
second question has been answered in two ways : firstly, by studying 
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the behaviour of the sugar towards maltase and emulsin — if hydrolysed 
by the former it is an o-glucoside, if by the latter a /9-glucoside ; 
secondly, by studying the optical behaviour of the glucose immedi- 
ately produced, on hydrolysing the sugar with an enzyme, towards a 
drop of alkali — downward mutarotation classes it as a-glucose, upward 
mutarotation indicates the presence of /8-glucose. The third question 
has not yet been satisfactorily solved ; so far it has been only possible 
to show for maltose and lactose that certain groups are not concerned 
in the junction. 

In the following pages the individual disaccharides are briefly 
dealt with. The problems connected with their hydrolysis and syn- 
thesis are deferred to Chapter VI. 

Sucrose. — Sucrose or cane sugar, industrially the most important 
of the sugars, is widely distributed in the vegetable kingdom, where 
it functions almost entirely as a reserve material. In contrast to most 
of the sugars, it crystallises exceedingly well : this is almost certainly 
due to the fact that a mixture of isomerides is not present in solution. 
It is very soluble in water, and has a much sweeter taste than glucose, 
but is not so sweet as invert sugar. 

Cane sugar does not reduce Fehling's solution or exhibit mutarota- 
tion, and it lacks both aldehydic and ketonic properties. Very charac- 
teristic is the behaviour towards mineral acids which hydrolyse it to 
glucose and fructose. Sucrose is dextrorotatory, but, since fructose 
is more laevorotatory than glucose is dextrorotatory, the products of 
hydrolysis rotate polarised light in the opposite sense to cane sugar. 
The process is hence termed inversion, and the product invert sugar. 
The like change is brought about by an enzyme present in yeasts, 
moulds, and in many plants, and termed invertase or sucrase. Cane 
sugar is fermented by yeasts only after previous inversion with the 
invertase of the yeast. Accordingly it is not fermented by yeasts 
which do not contain invertase, e^g,^ S, octosporus. 

Sucrose forms no compounds with phenyl hydrazine, and is stable 
towards alkali. It also does not give rise to glucosidic derivatives. It 
contains eight hydroxyl groups, as evidenced by the formation of an 
octa-acetate and an octamethyl derivative. 

It is not easy to ascribe a constitutional formula to cane sugar 
which is entirely satisfactory. Fischer's formula, which is a modifica- 
tion of the earlier one of Tollens, pictures it at one and the same time 
as a glucoside and a fructoside. The glucose and fructose units are 
joined so as to destroy both aldehyde and ketone groups and give a 
neutral product : — 
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CH,(OH) . C . (CH . OH), . CH . CH,(OH) Prncttme residue 

/ 

CH . (CH . OH), . CH . CH(OH) .,CHj(OH) Glucose residue 



The observations of O'Sullivan and Tompson showed that a glucose of 
high positive rotatory power is at first produced on hydrolysis, j>, 
cane sugar is a derivative of o-glucose. Yet, inasmuch as it is not 
attacked by maltase, which acts on all simple A-glucosides, it cannot 
well belong to their class. Moreover, since Pottevin has shown that 
the simple methyl fructoside is not hydrolysed by the enzymes whidi 
attack sucrose, it must be supposed that cane sugar is not a simple 
fructoside. The extraordinary instability of sucrose in presence of 
acids also differs markedly from the behaviour of the simple gluco- 
sides. Invertase is remarkably active in hydrolysing sucrose. Its 
action seems to be controlled and inhibited by both glucose and fruc- 
tose, and apparently the enzyme is so constituted that it can adapt 
itself to both sections of the biose. The question is further discussed 
in Chapter VI. 

Trehalose. — ^Trehalose, which occurs widely distributed in fungi, 
is composed of two glucose molecules fused together, so that both 
aldehydic groups have disappeared : — 



CHa(OH) . CH(OH) . CH . CH(OH) . CH(OH) . CHv 
CHa(OH) . qH(OH) . CH . CH(0H) . CH(OH) . CH'^ 

'- o ! 

This structure is indicated by the fact that it does not reduce Fehling's* 
solution, nor form a phenyl osazone nor exhibit mutarotation. It is 
not affected by the enzymes, maltase, invertase, emulsin or diastase, but 
is hydrolysed by a special enzyme named trehalase, which is contained 
in certain fungi and in many species of yeast Trehalase is conveni- 
ently obtained from aspergillus niger. According to Winterstein 
trehalose is only hydrolysed by acids with considerable difficulty, and 
contrasts markedly in this respect with sucrose. 

Apparently trehalose replaces sucrose in those plants (fungi) which 
contain no chlorophyll and do not manufacture starch. The quantity 
of trehalose is a maximum just before the formation of spores. When 
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the fungi are picked the trehalose is rapidly converted into mannitol, 
being hydrolysed by its enzyme to glucose, and this in some way 
then reduced. To obtain it the fungi must be extracted with boiling 
solvents, so as to kill the enzyme, within two or three hours after . 
gathering. 

Maltose. — ^A sugar was first isolated from the products of hydro- 
lysis of starch by De Saussure in 1819, but it was not until 1847 that 
this new sugar was further examined by Dubrunfaut and named 
maltose. This discovery seems to have lapsed into comparative 
oblivion until the sugar was rediscovered by O'Sullivan in 1872. 
Maltose is prepared by the action of diastase on starch, the only other 
product of the change being dextrin. It crystallises in minute needles, 
has a high dextrorotatory power and exhibits upward mutarotation, 
f>., the rotatory power when the disaccharide is first dissolved is 
smaller than the equilibrium value. 

Maltose reduces Fehling's solution, forms a phenyl osazone, and 
shows many other of the properties of glucose. 

When hydrolysed by acids two molecules of glucose are formed. 
It is very much more resistant to acid hydrolysis than cane sugar. 

The enzymes diastase, invertase, lactase and emulsin are without 
action, maltase alone of all the known enzymes being able to effect 
hydrolysis. Maltose is fermented only by those yeasts which contain 
maltase, and then not until inversion has been brought about by the 
enzyme. In view of the bdiaviour of maltose towards maltase, it is 
considered to be a glucose <- a-glucoside, since it is only <i-glucosides 
which are hydrolysed by maltase ; and in confirmation of this view 
o-glucose has been proved to be formed initially on hydrolysis. 

Maltose yields, on oxidation with bromine, an acid containing llie 
same number of carbon atoms, which is termed maltobionic acid ; this 
is hydrolysed to glucose and gluconic acid by mineral acids. Maltose 
, combines with hydrc^en cyanide, forming a compound which, on 
hydrolysis, gives maltose carboxylic acid, and is hydrolysed by mineral 
acids to glucose and glucoheptonic acid. Maltose must contain eight 
hydroxyl groups, as it gives an octa-acetyl derivative when acetylated. 
The behaviour of maltose is in accord with the constitutional formulae 
below. As already stated, it is not known which carbon atom is con- 
cerned in the attachment of the two sugar residues. Provisionally, the 
terminal carbon atom is so represented (see Chapter VI.) ; — 

CH,(OH) . CH(OH) . CH . [CH . OHl . CH— O . CH, . CH(OH) . CH . [CH . OH], . CH . (OH) 
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Maltose forms a glucoside analogous to methyl glucoside, but the 
direct condensation with methyl alcohol in presence of acid is not 
possible, as the disaccharide becomes hydrolysed during the operation. 
/8-Methyl maltoside has been prepared from acetochloro maltose, 
obtained by the action of hydrogen chloride on maltose octa-acetate. 
Acetochloro maltose interacts with methyl alcohol in presence of silver 
carbonate, forming hepta-acetyl methyl maltoside, which is converted 
into methyl maltoside on hydrolysis with baryta. The behaviour of 
this maltoside towards enzymes is interesting. Maltase hydrolyses it 
at the o-junction, forming glucose and ^-methyl glucoside ; emulsin 
attacks only the /8-junction, forming maltose and methyl alcohol. The 
maltoside is accordingly ^-methyl glucose - a-glucoside. 

Isomaltose. — Isomaltose is the name given by Fischer to the 
disaccharide obtained by him by the condensing action of strong 
acids on glucose. It was characterised only by means of the phenyl 
osazone and the fact that it is not fermented by yeast Products 
similar to isomaltose have been repeatedly described as obtained in 
the hydrolysis of starch, but, failing any characteristic derivative, 
definite proof of its presence in such cases is lacking. Isomaltose 
is probably identical with the disaccharide obtained by Croft Hill by 
the synthetic action of maltase on glucose (see Chapter VI.) which he 
has termed revertose. E. F. Armstrong has shown that isomaltose is 
hydrolysed by emulsin, but not by invertase or maltase, and considers 
the isomaltose obtained by means of acids or enzymes to be the same 
in each case. The behaviour towards emulsin and maltase suggests 
that it is probably glucose )8-glucoside. 

Gentiobiose. — Gentiobiose is closely allied to maltose and iso- 
maltose. It is found in the form of a trisaccharide termed gentianose 
present in the roots of various species of gentians. When partially 
hydrolysed either by means of invertase or dilute acids, this yields 
fructose and gentiobiose. Gentiobiose forms a phenyl osazone, m.-p. 
142°, shows mutarotation, and is hydrolysed by emulsin: it is sup- 
posed to be a /8-glucoside. 

Cellobiose.— Cellulose (filter paper), when acetylated under suit- 
able conditions (Skraup), forms an octa-acetyl disaccharide, among 
other products, from which the corresponding sugar termed cellobiose 
is obtained on hydrolysis with alkali. The cellobiose reduces Fehling's 
solution, and forms a phenyl osazone and osone in the same way as 
maltose. Fischer has shown that it is hydrolysed by emulsin, and it 
is therefore presumably a /8-glucoside. He points out, however, that, 
inasmuch as emulsin is known to be a mixture of enzymes, it is not 
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certain that the same enzyme which hydrolyses ^-methyl glucoside 
also resolves isomaltose, gentiobiose and cellobiose (see also p. 78). 

Lactose. — Lactose or milk sugar, discovered in 161 5 by Fabriccio 
Bartoletti in Bologna, occurs in the milk of all animals, but has not 
been encountered in the vegetable kingdom. It is manufactured by 
evaporation of whey, purified by recrystallisation, and obtained in the 
form of a white crystalline powder. Mineral acids hydrolyse it to 
glucose and galactose; it exhibits mutarotation, reduces Fehling's 
solution, and forms a phenyl osazone soluble in boiling water. Like 
glucose, it gives rise to two series of isomeric derivatives, e,g,y octa- 
acetates, acetochloro lactoses and methyl lactosides. Three isomeric 
modifications of the sugar itself have been described corresponding to 
the a- and ^-isomerides and their equilibrated mixture. It is a glucose 
galactoside, since, on oxidation with bromine, lactobionic acid is 
formed, and this when hydrolysed by mineral acids gives gluconic 
acid and galactose, proving that the potential aldehyde group is in 
the glucose part of 'the molecule. 

Adopting Fischer's glucoside formula for lactose, it is a question, 
as previously indicated, whether the primary alcohol group or the 
^-secondary alcohol group of the glucose molecule take part in the 
union with the galactose. The possibility of either the a- or 
7-secondary alcohol groups •being concerned is excluded by the facts 
that lactose forms a phenyl osazone, exhibits mutarotation, and gives 
rise to derivatives having a 7-oxide structure. The /8-secondary alcohol 
group can also be excluded from consideration, as Ruff and Ollendorf 
have obtained, on oxidising the calcium salt of lactobionic acid by 
Fenton's method, a galactoarabinose sugar which forms a phenyl 
osazone in which this ^-alcohol group is involved. It must therefore 
be uncombined in the parent lactose. It is impossible at present to 
go any further in deciding in favour of either of the remaining two 
formulae for lactose (see pp. 65, 66). 

Galactose residue. Glucose residue. 

CH,(OH) . CH(OH) . CH . [CH . OH], . CH— O . CHj . CH(OH) . CH[CH . OHi.CH(OH) 



CHaCOH) . CH(OH) . CH . [CH . OHi . CH— O . CH[CHj . OH] . CH[CH . OH], . CH(OH) 

Alternative Formulae for Lactose. 

The isomeric a- and )8-forms of milk sugar originally described by 
Tanret and investigated more recently by Hudson, differ only with 
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respect to the relative positions of the hydrogen and hydroxy! radicles 
attached to the carbon atom printed in Clarendon type in the glucose 
half of the molecule. Tanret's 7-lactose is an equilibrated mixture. 
o^Lactose is properly <i-glucose-/8-galactoside, whereas ^-lactose is 
yS-glucose-d-galactoside. 

Galactoarabinose is of interest as the only example of a synthetical 
mixed disaccharide containing both hexose and pentose sugars. It is 
therefore akin to the natural sugar rhamninose. The formation of 
galactoarabinose affords additional proof that lactose is a galactoside. 

Lactose is hydrolysed by a specific enzyme lactase found in a few 
yeasts (or, more correctly, torulae), in some kefir preparations, and in 
the enzyme (crude emulsin) contained in an aqueous extract of almonds. 
It is believed that kefir lactase and almond lactase are not identical. 
Lactose is not hydrolysed by maltase, invertase, diastase, nor by any 
of the enzymes of dried brewers* yeast. Only those yeasts (torulae) 
which contain lactase are capable of fermenting milk sugar. Lactose 
is particularly prone to undergo lactic and butyric acid fermentations. 

Isolactose is the name given to a disaccharide obtained by Fischer 
and Armstrong by the synthetical action of the enzyme kefir lactase 
on a concentrated solution of equal parts of glucose and galactose, 
and isolated in the form of the phenyl osazone. It has not been 
further studied. 

Melibiose. — Melibiose, together with fructose, is obtained from the 
trisaccharide raffinose by hydrolysis with dilute acids or certain yeasts 
(Scheibler and Mittelmeier). It crystallises with difficulty and it is 
advisable to remove the fructose from the products of hydrolysis of 
raffinose by fermentation with a top yeast before attempting to isolate 
it On hydrolysis with strong acids melibiose yields glucose and 
galactose. On reduction with sodium amalgam an alcohol, melibi- 
itol is formed. This, when hydrolysed, is converted into mannitol 
and galactose. Melibiose is thus a galactoside of glucose, <>., very 
closely related to milk sugar. 

It exhibits mutarotation, forms a phenyl osazone and an osone 
which latter decomposes to galactose and glucosone. 

Melibiose is slowly hydrolysed by emulsin, more rapidly by an 
enzyme contained in bottom fermentation but not in top fermentation 
yeasts : this enzyme is appropriately termed melibiase. Melibiose is 
not attacked by maltase, invertase or lactase. It affords a chemical 
means of distinguishing between top and bottom fermentation yeasts. 
It is apparently less easily hydrolysed by acids than is milk sugar. 

The difference between melibiose and milk sugar appears to depend 
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upon which hydroxyl of the glucose molecule is united to the galacto- 
side. (See types A and B, p. 65.) Since both disaccharides are 
attacked by emulsin they may provisionally both be considered as 
)3-galactosides. 

Added interest attaches to melibiose in view of its being the first 
natural disaccharide obtained synthetically (Fischer and Armstrong, 
see p. 72). 

Melibiosone, which can be prepared from the osazone by heating 
with benzaldehyde, is hydrolysed by emulsin or by melibiase to 
galactose and glucosone. 

Turanose. — ^Turanose was discovered by Alechin in 1890 as a 
product, together with fructose, of the partial hydrolysis of a trisac- 
charide melecitose with weak acids. He stated that it yielded two 
molecules of glucose on further hydrolysis but Tanret subsequently 
showed that an equimolecular mixture of glucose and fructose is pro- 
duced. It is thus an isomeride of sucrose but diflFers from this in con- 
taining a free aldehydic group since it forms a phenyl osazone and 
reduces Fehling's solution. It does not exhibit mutarotation. It is 
not at present known whether it is to be regarded as a fructoside or a 
glucoside. Invertase, maltase, emulsin and diastase are without action. 

Trisaccharides, CigHgaOi^. 

Raffinose.— The best-known trisaccharide is raffinose which is 
often found in considerable amount in the sugar beet, and is present 
in other plants. Strong mineral acids hydrolyse it completely to 
fructose, glucose and galactose in equal proportions. Dilute acids 
form melibiose and fructose. The action of enzymes on raffinose is 
more specialised; invertase converts it into fructose and melibiose. 
Emulsin, however, hydrolyses it to sucrose and galactose. Bottom 
yeasts which contain both melibiase and invertase are able to ferment 
it completely. 

Raffinose has no reducing action and behaves chemically as cane 
sugar. The constitutional formula may be written — 

CeHuOi—O— C6H10O4-.O— CeHuOg 
Fructose Glucose Galactose 



Sucrose. Melibiose. 

Gentianose. — Gentianose is a non-reducing sugar, and it yields 
fructose and gentiobiose when hydrolysed by invertase. It is not 
attacked by maltase nor as a rule by emulsin but according to Bour- 
quelot some emulsin preparations hydrolyse it slowly forming glucose 
and sucrose. 
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Rhamninose. — Rhamninose, the trisaccharide derived from the 
glucoside xanthorhamnin by the action of the enzyme rhamninase, is 
composed of galactose and rhamnose ; it reduces Fehling's solution 
and forms an acid, when oxidised with bromine, which on hydrolysis 
by mineral acids is broken down to two molecules of rhamnose and 
one of galactose. This indicates that the two rhamnose residues are 
united in the trisabcharide but the separation of the dirhamnose sugar 
has not been effected The enzymes, invertase, maltase, emulsin and 
diastase are quite without action. 
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CHAPTER V. 

THE RELATION BETWEEN CONFIGURATION i AND BIOCHEMICAL 

PROPERTIES. 

Perhaps the most important, and at the same time the most interesting, 
chapter in the chemistry of the sugars is that dealing with the altera- 
tion in properties brought about by small changes in the stereo-chemical 
configuration of the carbohydrate molecule. Although the molecular 
weight and the gross structure of the molecule remain the same, the 
very slightest modification in the space arrangement of the groups 
attached to the chain of carbon atoms is sufficient to affect the bio- 
chemical behaviour in the most profound manner. How exactly 
structure is to be correlated with biological behaviour, and how little 
variation is possible, will be seen from the following examples. 

It has long been known that the optical antipodes of a substance 
containing an asymmetric carbon atom behaye very differently towards 
biological agents, such as yeasts, moulds, enzymes or bacteria. The 
celebrated researches of Pasteur showed, for example, that the green 
mould penicillium glaucum^ when allowed to grow in solutions of 
racemic acid, assimilated only ^tartaric acid, and left /-tartaric acid 
untouched. It was supposed at the time that the mould was unable 
to attack the /-tartaric acid; recent investigations suggest, however, 
that the mould ultimately destroys both antipodes, but attacks one at 
a very much greater rate than the other, and probably in a different 
manner. 

From a given racemic substance it is possible to obtain sometimes 
the one and sometimes the other antipode by utilising appropriate 
organisms. For example, an excess of ^mandelic acid is obtained 
from rf/-mandelic acid on treatment with penicillium glaucum, whereas 
when saccharomyces ellipsoideus is used an excess of /-mandelic acid is 
obtained. 

^ By the term configuration is understood the positions of the hydroxyl groups relative 
to the skeleton chain of carbon atoms. Change involves transference from the right to left 
side of the chain as figured on the plane of the paper or vic€ versd from left to right. 

51 4* 
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Fermentation. — Yeasts only ferment one, the dextro, isomeride of 
glucose converting it into carbon dioxide and alcohol, and accordingly 
when yeasts are allowed to act on racemic glucose the laevoglucose 
remains unattacked. The same applies to the other fermentable 
hexoses; in all cases only the dextro isomeride is attacked. 

The investigation of the behaviour of all the known hexoses, 
either found in nature or prepared in the laboratory, towards yeasts 
has shown that only four are fermented, viz.^ the rf-forms of 
glucose, mannose, galactose and fructose, all of which are natural pro- 
ducts. 

When the behaviour of diflFerent species of yeasts towards these 
natural hexoses is studied, it is found without a single exception that 
any species of yeast which ferments any one of the three hexoses — 
glucose, mannose and fructose — likewise ferments all three of them, 
and with approximately the same readiness. The study of the kinetics 
of the three fermentation reactions confirms their similarity, and they 
have the same temperature coefficient (Slator). Everything, in fact, 
points to the mechanism involved in .the fermentation of glucose, 
mannose or fructose being the same in each instance. 

It has already been pointed out that the three hexoses in question 
are closely related in structure, so closely indeed as to be converted 
under the influence of alkalis into one another. An enolic form 
common to all three hexoses has been assumed to act as an intermediate 
substance in the transformation. The relationship will become clear 
when the formulae of these carbohydrates are consulted : — 



CHO 


CHO 


CH.OH 


CHa . OH 


HCOH 


HOCH 


COH 


CO 


[QCH 


HOCH 


HOCH 


HOCH 


HCOH 


HCOH 


HCOH 


HCOH 


HCOH 


HCOH 


HCOH 


HCOH 


CHaOH 


CHjOH 


CHjOH 


CHjOH 


Glucose. 


Mannose. 


Common enolic form. 


Fructose. 



It is clearer here to use the older open-chain formulae, but the reader 
is advised to study these formulae in the solid model in order to 
understand fully the stereoisomerism of these compounds. Represen- 
tations on a plane surface easily lead to confusion. 

On the basis of the closed-ring formula for glucose, enolisation 
involves in the first place rupture of the pentaphane ring and forma- 
tion of the aldehydrol; secondly, water is eliminated between two 
contiguous carbon atoms to give the enol. Comparing the scheme 
opposite with that on p. 4, for the conversion of the aldehydrol into 
glucose, the di^erence is at once apparent : — 
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HO . CH HO/. C H CH(OH) 

HC.OH \ +HjO H/COH QH - H^ O C . OH 




HO.CH y^ ~ \ HO.CH 

\ X HO.CH \ 

HC \ HC . OH 

J HC . OH I 

HC . OH I HC . OH 

I HC . OH I 

CH2.OH I CHj.OH 

CHg . OH 

Glucose. Aldehydrol. Enol. 

According to the alternative formula the aldehyde forms aldehydrol 
and this enol. The change is a reversible one. 

The process of fermentation of a sugar is regarded as a series of 
consecutive reactions each involving simplification of the sugar mole- 
cule till it breaks down into carbon dioxide and ethyl alcohol, com- 
pounds containing only one and two carbon atoms. Measurements 
of the rate of fermentation can be made by determining the rate 
of formation of either of these products — for example, the amount of 
CO2 formed after various intervals of time — but such measurements 
only apply to the slowest of these reactions. Similarly the quantita- 
tive effect produced by an increase of temperature in quickening the 
rate of fermentation in reality applies to the slowest reaction of the series. 

It has been suggested that the first process in fermentation is the p<; 
conversion of the sugar into the enolic form by means of an enzyme 
contained in the yeast. The three fermentable hexoses yield the same 
enolic form, but possibly it is formed at different rates according to 
the sugar ; and whether one and the same enzyme is operative in each 
case it is impossible to say. The subsequent simplification of the 
molecule is the same for each of the three hexoses, an hypothesis which 
is quite in agreement with the experimental observations. This sim- 
plification is also due to an enzyme perhaps the same as that which 
brought about enolisation. The breakdown of the molecule will thus 
commence at the double linkage between the two terminal carbon 
atoms. 

Further support of this view of the fermentation process is afforded 
by the fact that substances so closely related to glucose as the methyl 
glucosides, glucosone, gluconic acid and ethyl gluconate are, without 
exception, unfermentable : in all these only the groups attached to 
the terminal carbon atom differ from those of glucose. Enolisation in 
them, however, is impossible, and, although the greater part of the 
molecule is not altered, no action takes place. 
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The behaviour of galactose is altogether diflFerent. It is fermented 
with much greater difficulty than glucose. Very many yeasts are 
quite without action on galactose. The temperature coefficient of the 
fermentation of galactose is diflFerent from the value found in the case 
of glucose. These facts suggest that galactose is fermented by a 
different mechanism, that a diflFerent enzyme is concerned perhaps in 
causing enolisation, which is less widely distributed in yeasts. None 
the less the two phenomena must be very closely allied. No yeast is 
known capable of fermenting galactose but not fermenting glucose. 
> The change in configuration in passing from glucose to galactose, 
though not sufficient to prevent fermentation altogether, causes the 
compound to be far more resistant to attack. It is not surprising, 
therefore, that any further change in configuration is sufficient to make 
the new hexose no longer fermentable. 

This is illustrated by the behaviour of galactose and its isomerides, 
talose and tagatose, which have an enolic form common to all three 
hexoses : — 



CHO 


CHO 


CHjOH 


CHOH 


HCOH 


HOCH 


CO 


COH 


HOCH 


HOCH 


HOCH 


HOCH 


HOCH 


HOCH 


HOCH 


HOCH 


HCOH 


HCOH 


HCOH 


HCOH 


CHjOH 


CHjOH 


CHjOH 


CHaOH 


Galactose. 


Talose. 


Tagatose. 





Neither talose nor tagatose are fermented by any yeast whose 
action towards them has at present been investigated. Yet in talose 
the position of the two upper hydroxyl groups is the same as that in 
mannose, and the lower three hydroxyls occupy the same positions as 
they do in galactose. Obviously, for it to be fermentable, the con- 
figuration of the hexose has to be correct as a whole, the fact that 
single hydroxyl groups occupy the same positions as they do in fer- 
mentable hexoses being of no moment. 

Presumably yeasts contain no enzymes compatible with talose or 
tagatose, and able to convert them into the enolic form. 

The facts described can only be explained on the assumption that 
there is the very closest relationship between the configuration of a 
fermentable hexose and the enzymes which cause fermentation. This 
hypothesis receives confirmation which is little short of absolute when 
the behaviour of the sugars other than the hexoses is considered. No 
pentose, either natural or synthetical, is fermentable by yeast. None 
of the synthetic tetrose, heptose or octose carbohydrates are fermentable. 

The only fermentable sugars, other than the four hexoses, are a 
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nofwse prepared by the C3^nohydrin reaction from mannose and a 
ketotriose, dioxyacetane. The fermentability of glycerose — a mixture 
of glyceric aldehyde and dioxyacetone — has long been a matter of 
controversy ; Bertrand has, however, shown that pure dioxyacetone is 
fermented by very active yeasts. 

It is obvious how intimately the property of undergoing fermen- 
tation is connected with the configuration of the sugar molecule. 
Lengthening or shortening the chain of carbons is sufficient to place 
the sugar molecule out of harmony with the yeast enzymes, and thus 
prevent its destruction by fermentation. The fact that triose, hexose 
and nonose sugars are fermentable has led to the suggestion that the fer- 
mentable carbohydrates must contain a multiple of three carbon atoms^ 

Glucoside Hydrolysis. — The formation of stereoisomeric a- and 
/8-methyl glucosides by the interaction of glucose and methyl alcohol 
in presence of hydrogen chloride has already been discussed and their 
constitutional formula established. These isomeric glucosides, though 
so alike in structure, behave very differently towards enzymes. 

a-Methyl glucoside is hydrolysed by the mcUtase (orglucase^) of 
yeast, /S-methyl glucoside by emulsin ()8-glucase) which is widely dis- 
tributed in plants. Emulsin is quite without action on the o-glucoside ; 
maltase has no effect on the /3-glucoside. 

CH3O . C . H 

HCOH 
HOCH 





HCOH 

CHjOH CHjOH 

a-Methyl glucoside jS-Methyl glucoside 

hydrolysed by Maltase. hydrolysed by Emulsin. 

Other alkyl derivatives of glucose behave in a similar manner. It 
may be stated as a general rule that )8-glucosides are hydrolysed by 
emulsin alone, a-glucosides are only attacked by maltase. Accordingly 
compounds hydrolysed by emulsin are considered to be )8-glucosides. 
The corresponding derivatives of /-glucose are not in the slightest 
affected by either enzyme, a- and /S-methyl-/-glucosides represent the 

^Nomenclature of Enzymes.— Tht name of an enzyme is usually derived from that of 
the sugar which it hydrolyses by substituting the suffix -tise for -ose. Thus maltase 
hydrolyses maltose, lactase hydrolyses lactose. The enzyme which attacks glucosides 
may be termed glucose and is an a-glucase or jS-glucase accordingly as it hydrolyses the 
a- or 8-glucoside. 
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mirror images of the methyl-rf-glucosides and their behaviour is parallel 
to that of /-glucose towards living yeast. 

The glucosidic derivatives of mannose, vtz.^ methyl-rf and /-manno- 
side are also quite stable in presence of maltase or emulsin. Hence 
the change in position of a single hydroxyl (here that attached to the 
o-carbon atom) is sufficient to render the mannoside out of harmony 
with these enzymes ; but, as has just been seen, the change in con- 
figuration is not sufficient to make mannose unfermentable by yeast. 

a-Methyl-rf-galactoside is likewise not hydrolysed by maltase or 
emulsin. 

/S-Methyl-rf-galactoside is hydrolysed by the crude emulsin prepara- 
tion obtained from almonds, but subsequent investigation has shown 
that this preparation contains a mixture of enzymes and that the 
hydrolysis of the )8-galactoside is due to a lactase (/S-galactase) and 
not to the same enzyme which attacks )8-methyl glucoside. This 
behaviour shows that the alteration in the position of the hydroxyl 
attached to the 7-carbon atom in the glucoside molecule renders the 
galactosides out of harmony with maltase and emulsin. Any other 
alteration involving departure from the configuration of the glucose 
molecule or in the length of the chain of carbon atoms has the same 
effect on the behaviour towards enzymes. 

None of the known glucosidds ^ of the pentoses, methyl pentoses, 
heptoses or other hexoses are hydrolysed by maltase or emulsin. 

This behaviour can only mean that the hydrolysing power of these 
two enzymes bears the very closest relationship to the configuration of 
the dextro glucose molecule. 

Fischer has drawn particular attention to the behaviour of the a- 
and )8-methyl-/-xylosides. These practically correspond to the corre- 
sponding glucosides with one asymmetric carbon atom removed : — 

CHjOCH CH.OCH 

HCOH 
HOCH 



HO 




OH 



CHjC 




[jOH 
a-Methyl.<f-gluco8ide. a-MethyW-xyloside. 

Both xylosides are unaffected by either maltase or emulsin. In 

^The term glucoside is used generally for the corresponding derivatives of all the 
sugars and not restricted to the derivatives of glucose. 
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this instance, although the major part of the molecule is identically the 
same in each glucoside, the shortening of the chain is sufficient to 
destroy the close harmony with the enzyme. The glucosides investi- 
gated by Fischer are summarised in the following table in which + 
indicates hydrolysis, o denotes no action: — 

TABLE IX. 



Glucoside. 


Maltase 
(a-GIucase). 


Emulsin 
O-Glucase). 


o-Methyl-d-Glucoside . 

iB-Methy W-Glucoside . 

a-Methyl-Z-Glucoside . 

i8-Methyl-/-GIucoside . 

a-Ethyl-rf-Glucoside . 

iS-Ethyl-^-Glucoside . 

i8-PhcnoW-Glucoside . 

»-Methyl-rf-Galactoside 

jS-Methyl-cf-Galactoside 
MethyW-Mannoside 
Methyl-/-Manno8ide 

o-Methyl-/-Xylo8ide . 

/B-Methyl-/-Xyloside . 
M ethyl-/- Arabinoside 
Methyl rhamnoside . 
Methyl glucoheptoside 




+ 




+ 















+ 



+ 
+ 












The investigation of the rate of hydrolysis of maltose — an o-gluco- 
side — by maltase has shown that change takes place more slowly in the 
presence of glucose, indicating that this sugar has a definite retarding 
influence on the enzyme. Other sugars, e.g.^ mannose, fructose, galac- 
tose, arabinose, xylose are quite without influence on the rate of 
change proving that the action of glucose is due not to any concentrat- 
ing effect but to the specific influence exerted by its configuration. 
The fact that )8-methyl glucoside also acts to retard the hydrolysis of 
the a-glucoside (maltose) affords the strongest confirmatory evidence 
of this specific hindrance. Part of the enzyme must combine with 
the glucose and so be withdrawn from 'action. Maltase can apparently 
combine with )8-methyl glucoside though quite unable to hydro- 
lyse it 

In an analogous manner the hydrolysis of )8-methyl glucoside by 
emulsin is controlled only by glucose and a-methyl glucoside, and by 
no other carbohydrate. 

These illustrations, selected from a number of carefully worked out 
cases, suffice to show the very intimate relation which exists between 
enzyme and the substance it acts upon. This can only be explained 
by supposing some form of combination between the two. The 
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enzyme, moreover, must fit the glucoside at every point along the 
chain of carbon atoms, thus : — 



IK 



RO^ ^ •- 








The combination may perhaps be compared to the way in which 
the successive fingers of a glove fit on to a right hand : if the position 
of any finger be altered it is impossible to fit the glove ; further, the 
glove will not fit on the left hand. Fischer's original simile compared 
the relationship of enzyme to hydrolyte to that existing between a 
key and the lock for which it is made, the shape of the key enabling 
it only to unfasten the particular lock to the arrangement of whose 
wards it corresponds. 

The enzymes themselves, if this hypothesis be accepted, must be 
closely related in configuration to the substances which they hydrolyse. 
From this point of view the presence of a carbohydrate in the mole- 
cule of invertase and some other enzymes is at least significant (see 
Monograph by Bayliss, p. 19). Salkowski states, however, that the 
carbohydrate present in the yeast gum is precipitated with the enzyme, 
but that it is not a component of the purified enzyme. 

It is perhaps necessary to emphasise that the actual hydrolysis of 
the carbohydrate is due to the action of the water molecules."^ The 
enzymes may be conceived perhaps as acting as a vice in presenting 
in the appropriate manner the water molecule to the centre to be 
hydrolysed. 

Attachment of enzyme to hydrolyte takes place no doubt through 
the oxygen atoms of the hydroxyl groups. In these the oxygen atom 
possesses residual affinity, that is, is not fully saturated, and it is there- 
fore able to combine with appropriate elements of the molecule of the 
enzyme. 

The fact that tetramethyl - /8-methyl glucoside like /8-methyI 
glucoside itself is hydrolysed by emulsin is in full agreement with this 
view : — 
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H.C.OMe 

HCOMe 
MeOCH 




HCOMe 

I 
CHa.OMc 

Tetramethyl-i8-methyl glucoside. 




CHj.OH 
jS-Methyl glucoside. 



Although in this compound the hydrogen in the hydroxyl groups of 
glucose has been replaced by methyl, this change is not sufficient either 
to destroy the residual affinity of the oxygen atoms or to mask them 
from the influence of the enzyme. 

Conversion of Galactose into Glucose.— When the closed-ring 
formulae of the two hexoses, glucose and galactose, are considered side 
by side, it will be obvious that the difference between them is confined 
to the relative positions of the groups attached to the 4th or ry-carbon 
atom, />., the oxygen atom of the pentaphane ring is attached to 
different sides of the molecule : — 



o-Carbon 
iS-Carbon 
T^Carbon 
8-Carbon 




CH.OH 

Glucose. 




Galactose. 



The direct conversion of one sugar into the other involves the 
rupture of the ring at this point and its closure again in the opposite 
sense. The whole behaviour of glucose shows, however, that the 
pentaphane ring ruptures preferentially at the attachment of the 
oxygen to the a-carbon atom. The conversion of glucose into galac-^ 
tose has been only indirectly effected by chemical means, but there is 
little doubt that it takes place in the organism, as it is only on this 
supposition that the formation of the galactoside, milk sugar, in large 
quantities in mammals during lactation can be accounted for. 

Under normal conditions the blood transports glucose to the 
mammary glands, where, in the regular course of lactation, it is con- 
verted into the disaccharide, milk sugar, and excreted in the milk. 
Removal of the mammary gland results in an accumulation of glucose 
in the blood, from which it passes to the urine. Galactose is not 
found in the urine. Injection of glucose causes lactosuria when the 
mammary glands are in full activity, but produces glucosuria when the 
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glands are less active. Nothing is known as to the mechanism by 
which the mammary glands are able to transform glucose into lactose, 
but it is undoubtedly eflFected by means of enzymes. 

The enzyme lactase which hydrolyses )8-methyl galactoside, other 
)8-alkyl galactosides and milk sugar, is a specific enzyme for )8-galaclo- 
sides, just as emulsin has been shown to be the specific enzyme for 
/S-glucosides. Lactase has its action controlled only by galactose and 
by no other sugar, and it is incapable of hydrolysing glucosides. No 
enzyme is at present known which can hydrolyse a-methyl galacto- 
side; on the other hand, no compound of o-galactose is known in 
nature. 

Oxidation. — The influence of configuration has been also studied 
in the case of the behaviour of carbohydrates towards oxidising bacteria. 
The bacterium xylinum (Adrian Brown), or sorbose bacterium, as it 
\^ has been termed by Bertrand, oxidises aldoses to the corresponding 

monobasic acids, and converts the alcohols into ketones, e,g,y 
gluconic acid is formed from glucose ; galactonic acid from galactose ; 
xylose and arabinose yield xylonic and arabonic acids. In all 
these cases the - CHO group is oxidised to - COgH by the agency 
of the bacterium. 

In the case of alcohols the sorbose bacteria oxidise - CH(OH) - to 
- CO - . Thus mannitol forms fructose ; sorbitol yields sorbose ; 
erythritol, arabitol and perseitol are oxidised to the corresponding 
ketones, and glycerol produces dihydroxyacetone. The bacterium has 
no action, however, on glycol, dulcitol or xylitol. 

An examination of the formula of these alcohols shows that the 
CH(OH) group oxidised to - CO is next to a CHgCOH) group ; further, 
for action to take place, the hydroxyl group must not be adjacent to a 
hydrogen atom on the same side of the configuration formula ; in other 
words, the compound must contain the grouping : — 

H H 

CHa(OH) . C . C — 
OH OH 

Consideration of the configuration formulae of mannitol and dulcitol 
will help to make this clear : — 

H OH H H 

CHs(OH) . C . C . C . C . CHj(OH) 

OH H OH OH 

Mannitol-— converted into Fructose. 

H OH OH H 

CH2(0H) . C . C . C . C . CHa(0H) 

OH H H OH 

Dulcitol — not attacked. 
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Gluconic acid contains the sensitive grouping. Accordingly, it is 
further oxidised by the bacterium to a keto gluconic acid : — 

OH H OH OH 
CO,H . C . C . C . C . CH,(0H) 
H OH H H 

Gluconic acid. . « 

OH H OH 
CO,H . C . C . C . CO . CHgrOH) 
H OH H 
Keto gluconic acid. 

In contrast with the sucroclastic enzymes, which are apparently in 
harmony with the sugar molecule as a whole, these oxidising bacteria 
seem adapted to a section only of the molecule. Their action is none 
the less absolutely dependent on the presence of the requisite con- 
figuration in the molecule. 

Many bacteria act upon m^nnitol which are without action on 
dulcitol. Harden found this to be true for bacillus colt communiSy 
which is of interest also since it produces twice as much alcohol from 
mannitol as from glucose. This difference is ascribed to the presence 
of the group CHgCOH) . CH(OH) — which is contained once only in 
glucose but twice in mannitol. 
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CHAPTER VI. 

HYDROLYSIS AND SYNTHESIS. 

Hydrolysis of Disaccharides. — Disaccharides are hydrolysed to 

monosaccharides by mineral and organic acids in accordance with the 

equation — 

CaH„Ou + H,0 = 2CeHu0e. 

Any acid will act on each sugar, though the intensity of the action 
differs more or less according to the acid or the disaccharide. 

The disaccharides are also hydrolysed by enzymes. The action of 
enzymes is essentially selective : each particular sugar is hydrolysed 
only by its appropriate enzyme and by no other. There is thus a 
sharp distinction between the two classes of hydrolysing agents. 

Great historical interest attaches to the phenomenon of the hydro- 
lysis of cane sugar by acids as it was one of the first chemical changes 
of which the course was followed by physical methods.^ The change 
in sign of the optical rotatory power on inversion was first announced 
by Biot in 1836. A few years later Wilhelmy (1850) showed that the 
amount of sugar changed in any given moment is a constant percent- 
age of the amount of unchanged sugar present This is known as 
Wilhelmy's law, and put into mathematical form it is expressed by the 
equation : — 



or K = -log. 



a = initial amount of sugar. 

X =: amount already inverted. 

t = time which has elapsed since the reaction started. 



This law has been carefully verified experimentally: the above 
expression is the simplest type of mass action equation. The velocity 
constant K represents the rate at which the sugar is inverted. 

Cane sugar is hydrolysed at very different rates by different acids. 
If the acids are classified in order according to their power of hydro- 
lysing sucrose they will be found to be also arranged according to their 

1 It is outside the limits of this monograph to do more than indicate the salient features 
of hydrolysis. A most valuable and complete summary of the literature bearing on the 
subject with a bibliography complete up to 1906 is contained in a report presented by R. J. 
Caldwell to the British Association at York, iqo6. 
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electrical conductivity and power of hydrolysing methyl acetate. This 
fact was first recognised by Ostwald in 1884. Qti^er disaccharides 
and the glucosides are also hydrolysed by acids in accordance with 
Wilhelm/s law, but hydrolysis takes place far more slowly than in the 
case of cane sugar. Indeed, whereas cane sugar is ii^pidly hjidrolysed 
by normal sulphuric acid at 20**, milk sugar requires prolonged heating 
at 80** to effect the same proportion of change. Armstrong and Cald- 
well give the relative ease with which hydrolysis takes place as milk 
sugar I, maltose 1*27, cane sugar 1240. Other figures relating to the 
glucosides are given in Table X. : — 

TABLE X. 



Compound. 


Relative Rate of 
HydrolyBiB. 


a-Methyl glucoside 
jS-Methyl glucoside 
a-Methyl galactoside 
)3-Methyl galactoside 

Salicin 

Maltose . 

Milk sugar 




100 
179 

542 
884 
601 
740 
582 



The rate of hydrolysis of the other disaccharides mentioned on 
p. 41 has not yet been determined, but it is known that trehalose is only 
hydrolysed with excessive difficulty and differs therefore markedly 
from cane sugar. 

The relative strength of acids as measured by their inverting power 
is dependent on the nature of the sugar by means of which the com- 
parison is made, and even with the same sugar the ratio is different at 
different temperatures. The following table compiled by Caldwell 
illustrates this point. It would, however, lead too far to discuss the 
significance of these observations here. 

TABLE XI. 



Sugar Hydrolysed. 


Temp. 


Relative ActivitieB of the Acids. 


HCl. 


H2SO4. 


H.C,04. 


Camphor- 
Sulpbonic 
(Reychler). 


Sucrose .... 
Salicin .... 
Maltose .... 

(Conductivity) . 


95** 

6o» 
25" 


100 
100 
100 
100 
100 


537 
49'9 
40-5 

477 
61*9 


x8-2 

23-3 

14-1 

197 


89*8 
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The forgoing data (Table X.), though at present somewhat scanty, 
afford important material for the discussion of the nature of the hydro- 
lytic process. Considering the hydrolysis of the glucosides two views 
are possible, either (i) that the compound behaves much as the simple 
ether CH^ . O . CH3 would, and that the hydrolyst becomes associated 
with the oxygen atom to which the CH3 group is attached ; or (2) that 
the attachment is to the oxygen atom in the ring. On the former 
view the two isomeric a- and /8-glucosides should be hydrolysed with 
equal readiness as the methoxyl groups are equally weighted in the 
On and ^- positions. 

Actually in the case of both glucose and galactose the /8-derivative 
is hydrolysed about 175 times as readily as the a-derivative, and, as 
there is every reason for thinking that the mechanism of change is the 
same in both cases, the difference in the rate of hydrolysis can only be 
due in main to the relative distances of the OCH3 groups from the 
centre of change. 

There is little doubt that the active system, within which change 
takes place, is formed by the association of acid-water molecules with 
the oxygen atom in the pentaphane ring. Oxonium compounds are 
formed of the type already discussed at length on pp. 18, 19. In 
other words, this oxygen is the centre from which attack proceeds. 

Reference to a solid model will readily show that a distinct 
difference exists in the relative distances of. the - OCHg group, 
when in the a- and ^- positions, from the oxygen atom in the ring ; 
this is but imperfectly rendered on a plane surface. 



HO 




HC.OH 
HO.CH 



:Ha . OH 
a-Methyl glucoside. 




:H2 . OH 

jS-Methyl glucoside. 



The o-methyl glucoside, since it is the most stable form, may be 
assumed to be that in which the methoxyl (OCH3) group is furthest 
removed from the pentaphane oxygen as shown above: conversely, 
the ^-glucoside will be that in which the methoxyl is nearest the 
oxygen centre. 

It must be assumed in the case of the galactosides, which are more 
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resrdily hydrolysed than the glucosides, that the interchange in the posi- 
tion of the groups attached to the 7-carbon atom, which involves a shift 
in the position of the ring, brings the pentaphane oxygen nearer the 
methoxyl group (p. 1 3) and so facilitates action. It is impossible to 
represent such a change on a plane surface, but it will be readily under- 
stood on reference to the model. 

The application of this line of ai^ument to the disaccharides pro- 
mises most interesting results. 

In cane sugar, for example, attack may be expected to proceed 
from both pentaphane oxygen centres, marked X and Y in the 
skeleton formula, towards the centre marked Z, at which scission of 
the molecule occurs : — 



OH 




c.c, 



X"^ Y 

Glucose half of molecule. Fructose half of molecule. 

In the cane sugar formula already assumed, these three centres are 
in the closest possible contiguity : everything is in favour of hydro- 
lysis, which accordingly may be expected to take place with great 
rapidity. 

As elsewhere pointed out (p. 42), two types of reducing disac- 
charides may be formulated according to whether the primary or 
secondary alcohol group of ^one sugar is joined to the glucoside half 
of the molecule. These types may be formulated in skeleton thus : — 



C— C— C 



C-C cHjOH C-C 
/ \ Z I / \/0H 

: HC O CH CH cc 



\o/ y^ -^^ \o/'^« 



/ \ 

C-C-C HC 



-Y 
Type A. — Secondary alcohol junction. 
C-C 




y.^ — — — ^Y 

Type B.— Primary alcohol junction. 

In disaccharides of type A, attack will proceed from centre X and 
to some extent from centre Y, though this is further removed from 
exercising influence than in the case of cane sugar. 

In disaccharides of type B, centre Y is still further removed from 
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centre Z, and its influence may be supposed to be correspondingly 
weakened. Carbohydrates of this type will be least easily hydrolysed. 

Differences introduced by the second hexose occupying the a- or /8- 
positions will mainly effect the distance XZ in the formula, e^.y in 
practice increase or decrease the magfnitude of the attack from the 
centre X, but they will also have an effect on the nearness of the 
centres Y and Z. As before mentioned, these reasonings are best 
followed with the aid of a solid model. 

It is possible on the basis of the foregoing argument to assign ty^ 
formulae to maltose and lactose, but it would be premature to do 
so until the rate of hydrolysis of their isomerides has been determined. 

The laws of hydrolysis by enzymes have been dealt with by 
Bayliss (Monograph on Enzyme Action), and the details of their selec- 
tive action towards the disaccharides will be found in Chapters IV. 
and V. of this monograph. 

Enzymes are far more active as hydrolysing agents than acids, 
a very minute quantity at the ordinary temperature being far more 
powerful than very strong acid at a high temperature. 

It is perhaps desirable here to lay emphasis on the difference 
noticeable in the behaviour of enzymes and acids respectively as 
hydrolytic agents. It is due mainly, if not wholly, (i) to the 
superior affinity of the enzymes for the carbohydrates ; (2) to the 
very different behaviour of the two classes of hydrolysts towards 
water — which is a consequence of the colloid nature of the one and 
the crystalloid nature of the other. 

The Synthesis of Monosaccharides by Chemical Means.— The 
synthetical preparation of natural dextroglucose from its elements may 
be justly claimed as one of the greatest achievements of the chemist, 
and it is enhanced in interest by the great biological importance of 
the carbohydrates. 

In the following section a brief outline is given of the operations 
performed in preparing glucose and fructose from their elements. 
Dealing first with the earlier work, the first attempt which was in 
any way successful was that made by Butlerow, who showed that 
when trioxymethylene is condensed by means of lime water a syrupy 
substance is obtained which has the properties of a sugar. Subse- 
quently Loew improved the technique of the method and named the 
product he obtained formose. Fischer and Tafel started with acrolein 
dibromide and effected condensation of this by means of baryta, the 
change being expressed by the equation : — 

aCjH^OBrg + 2Ba(OH)8 = CeHijOe+ 2BaBrj. 



Digitized by LjOOQIC 



HYDROLYSIS AND SYNTHESIS 67 

They showed that the syrupy product obtained contained two sugars 
distinguished as a- and /8-acrose. Subsequently glycerose was made 
the starting-point for the synthesis ; crude-glycerose is a mixture of 
glyceric aldehyde, CH2(OH).CH(OH).CHO, and dihydroxyacetone, 
CHgCOH) . CO . CHgCOH), and these two compounds can be formulated 
as undergoing the "aldol" condensation forming a ketone, CHgCOH) . 
(CH . 0H)3 . CO . CHgCOH), which has the same composition as fruc- 
tose. Or and ^-Acrose were obtained from this condensation and 
characterised by means of the osazones they formed with phenylhy- 
drazine. o-Acrosazone was found to possess a remarkable resemblance 
to glucosazone differing only in being optically inactive. More re- 
cently Fenton has shown that glycolUc aldehyde, CH2(0H) . CHO, may 
be used as the starting-point of the synthetical process ; three molecules 
of it condense to a-acrose. 

A product of synthesis by all these methods is a-acrose. Fischer 
converted this firstly into acrose phenyl osazone in order to isolate it 
from the mixture of substances and then into acrosone by treatment 
with hydrochloric acid as described in Chapter II. Acrosone, on 
reduction, yielded firstly a sweet syrup having all the properties of 
fructose, and secondly on further reduction an alcohol, o-acritol, very 
like mannitol but differing in being optically inactive. There was no 
doubt that a-acrose was inactive <//-fructose. The further problem was 
to obtain an optically active sugar from this. The product was par- 
tially fermented with yeast and a dextrorotatory sugar /-fructose was 
obtained, but this biological method did not lead to the isolation of 
the natural sugar. Indeed to obtain this a number of operations were 
necessary. dS^-Fructose was reduced to ^-mannitol and the latter 
oxidised to the corresponding acid, rf/-mannonic acid. (This acid 
forms a characteristic hydrazide from which it can be easily regener- 
ated.) The racemic acid gave crystalline alkaloid salts and these were 
separated by fractional crystallisation ; in this manner their resolution 
into the optically active forms was effected just as Pasteur did in the 
case of racemic tartaric acid. d- and /-Mannonic acids were thus 
obtained by the crystallisation of the strychnine or morphine salt of 
the synthetical racemic acid : by reduction of their lactones, they were 
converted into d- and /-mannose and the complete synthesis of these 
hexoses accomplished. To pass to rf-fructose it only remained to re- 
duce the mannosone (identical with glucosone) formed from rf-mannose- 
phenyl osazone in the manner already described (compare Chap. II.). 

The synthetical mannonic acids above mentioned are converted 
into the corresponding gluconic acids when heated with pyridine or 
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quinoline (see p. 25), and it was only necessaiy to reduce these adds to 
obtain the corresponding glucoses. The stages of these syntheses are 
summarised in the following chart : — 



Acroleindibromide 



Formaldehyde 



a-Acrose 

I 

a-Acrosazone 
a-Acro6one 

\ 

<f/-Fructose 



Glyoerose 



GlycoUic aldehyde 




I'Fructoss 



dZ-Mannitol 
<;^MannonlC aad 



/•Gluconic acid 

I 

I'Glucoss 



/-Mannonic acid 



I'Mannose 



(/•Mannonic acid 



d-Mannose 

I 

(/-Glucosazone 

I 

(/•Glucosone 

I 

d'Fructose 



d-GlttConic acid 

\ 

d-Glticose 



Proceeding in this way Fischer effected the synthesis of the six- 
hexoses derived from mannitol, and extended the methods to the 
synthesis of a number of isomeric hexoses which do not occur 
naturally. To-day, out of the sixteen possible isomeric aldohexoses, 
according to the Le Bel-Van't Hoff theory, twelve have been prepared 
synthetically. 

Theoretically a simpler method of passing from fructose (a-acrose) 
to glucose and mannose is afforded by warming with alkali, when the 
isomeric transformations observed by Lobry de Bruyn take place. 
These are of particular interest in the case of sorbose, which is con- 
verted into galactose and tagatose. Sorbose is derived from mannitol, 
galactose from dulcitol, so that this transformation connects the hexoses 



Digitized by LjOOQIC 



HYDROLYSIS AND SYNTHESIS 69 

derived from the two alcohols and indirectly effects the complete 
synthesis of all the sugars derived from dulcitol. 

Before this transformation was discovered Fischer found it ne- 
cessary to degrade gulonic acid to the pentose sugar xylose, transform 
this into the isomeric lyxose and combine lyxose with hydrogen 
cyanide to give galactonic acid. It was only in this somewhat round- 
about fashion that the complete synthesis of galactose and other 
hexoses derived from dulcitol could be effected. 

The other products of synthesis, /8-acrose and formose, have not 
been further investigated. Fischer regarded both of them as contain- 
ing a branched and not a straight chain of carbon atoms. 

Both glycollic aldehyde and dioxyacetone are produced when form- 
aldehyde is condensed by means of calcium carbonate. 

The Synthesis of Monosaccharides in the Plant— The synthesis 
of carbohydrates carried on by the green leaves of growing plants is 
the most fundamental of all biochemical syntheses, and its full explana- 
tion still baffles investigators.^ 

•The first visible product of the process is starch (Sachs) and the 
first sugar as yet identified is cane sugar ^ (Brown and Morris). The 
hypothesis that formaldehyde, formed by the reduction of carbon 
dioxide, is the first product of assimilation, was advanced by Baeyer 
in 1 870: the aldehyde is considered subsequently to undergo poly- 
merisation to carbohydrate. > 

Although this hypothesis is generally accepted, the difficulty has 
always been experienced that all attempts to prove the presence of 
formaldehyde in the gfreen parts of plants have led to inconclusive 
results and indeed indicated that it acts as a poison. 

The supposed photosynthesis of formaldehyde outside the plant 
by Usher and Priestley has been severely criticised (Ewart, Mameli and 
Pollacci), but the most recent investigations support its correctness. 

Glycollic and glyceric aldehydes and dihydroxyacetone are all 
intermediate stages in the laboratory synthesis of fructose from form- 

^ A full accoant of the historical side of the question has been given by Meldola in a 
presidential address to the Chemical Society in xgo6. 

^The conclusion of Brown and Morris that cane sugar is the first carbohydrate to 
arise in photosynthesis rather than glucose has been criticised adversely on the grounds 
that the sucrose may come from maltose formed from the leaf starch, and there is much in 
this objection. Cane sugar is formed when barley embryos are fed on maltose but not 
when they are fed on glucose, although in the latter case the plantlet is found to contain 
invert sugar (Brown and Morris). J. Parkin, working with the snowdrop, which does not 
produce starch in its mesophyll, interprets his results as showing that the formation of 
sucrose precedes that of the hexoses. He supports the view that the first sugar of photo- 
synthesis arises in the chloroplast as a product split off from a complex protein aggregate. 
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aldehyde, but there is no evidence of these being found among normal 
plant products. They have so far only been encountered as down- 
grade products of the action of certain bacteria on mannitol or glucose. 
Attempts to imitate in the laboratory the formation of formaldehyde 
from carbon dioxide and water 

H,C0, + 2H,0 ^ CH,0 + 2H,0, 

have been numerous, but, if some controversial and very doubtful 
experiments be excepted, formic acid has been in all cases the sole 
product of the reduction. However, definite proof of the formation of 
formaldehyde has been recently given by Fenton (1907) who has 
shown that it is formed when carbon dioxide is reduced by means of 
metallic magnesium. 

This observation of Fenton is deeply significant when considered in 
relation to Willstatter*s recent discovery that chlorophyll contains 
magnesium as an integral part of the molecule. He regards the 
magnesium as playing just as important a rdle in the process of as- 
similation in plants as does the iron content of haemoglobin in its 
function as oxygen carrier. 

Assuming that Baeyer's hypothesis is correct and that formalde- 
hyde is the first product of the synthesis, two questions await an 
answer. Firstly, how is the condensation of the aldehyde caused ; 
secondly, through what immediate stages do the compounds pass ? 

The vital synthesis differs essentially from that carried out in the 
laboratory in affording optically active products. It might be sup- 
posed that the plant manufactures inactive racemic hexose and uses 
the laevo-isomerides for purposes which are still unknown. In spite of 
frequent search, however, it has never been possible to detect /-glucose 
or /-fructose in the leaves of plants, and the work of Brown and Morris 
leaves hardly any doubt that hexoses of the ^series and their poly- 
saccharides are the only products of assimilation. 

The living organism is not satisfied with merely elaborating a 
particular sugar, but shapes it in a definite manner to a definite space 
configuration. 

Fischer has pictured the carbon dioxide or formaldehyde as 
entering into combination with the complicated optically active 
protoplasm of the chlorophyll granule, and being synthesised to 
optically active carbohydrates under the influence of the asymmetry 
of the protoplasm molecule. 

The formaldehyde elements are received one after the other, and 
superposed according to a definite plan until six are united, when the 
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completed dextroglucose or fructose molecule is split off and the 
process b^ins anew, only optically active substances being formed. 
S)mthesis by laboratory methods leads to optically inactive forms, 
though apparently chemical synthesis does not take place entirely 
symmetrically when several asymmetric carbon atoms are present 
Fischer, for example, has failed to isolate any other racemic hexose 
than a-acrose (/3-acrose and formose being considered to have branched 
chains) from the condensation of formaldehyde or glycerose, whereas 
had this synthesis been entirely symmetric, several isomerides should 
have been formed at the same time. 

It is now generally agreed that the protoplasm of the chlorophyll 
granule contains enzyme elements, and that it is these which occasion 
synthesis. The protoplasmic complex may be regarded as built up of 
a series of associated templates (enzymes) which serve as patterns for 
the maintenance of vital processes and of growth. The assimilated 
carbon dioxide, either before or after condensation to formaldehyde, is 
brought into contact with these templates in the protoplasm, and con- 
tiguous molecules are united to form the complete sugar, shaped 
according to the structure of the template. The enzyme specific for 
each particular hexose when incorporated in the protoplasmic complex 
may well serve as the template for its manufacture. Maltase, for 
example, should occasion the formation of o-glucose, emulsin that of 
/8-glucose, lactase that of galactose, and invertase, or some similar 
enzyme, that of fructose. The existence of contiguous maltase and 
invertase ^ branches in the protoplasmic complex might determine the 
formation of glucose and fructose in contiguity, and these might unite 
to cane sugar. Again two glucose molecules in contiguity might unite 
to maltose, or a series formed in contiguity might remain potentially 
active so that a number would unite and give rise to a starch molecule. 
Or and ^-glucose would remain as such so long as they were incorpo- 
rated with the protoplasm ; when split off into the cell fluid they would 
no doubt tend to pass over into the equilibrated mixture. 



^ Armstrong's recent researches suggest that invertase is compatible, at one and the 
same instant, with both glucose and fructose, so that its presence in the protoplasmic 
complex would, under suitable conditions, lead to the formation of cane sugar. As already 
noted (Chap. III.) Pottevin considers that fructose is compatible, not with invertase, but 
with a new enzyme. 
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The Synthesis of Disaccharides.— Although in the hands of 
Fischer the problem of the synthetical preparation of the natural simple 
carbohydrates — the monosaccharides — has been solved, the next step, 
the synthesis of the disaccharides, still awaits a satisfactory solution. 

The oldest synthetical disaccharide was obtained by Fischer by the 
action of cold concentrated hydrochloric acid on glucose. The com- 
pound obtained was termed isomaltose on account of the resemblance 
to maltose, from which it differed in being nonfermentable. The pro- 
cess had the disadvantage that it could not be controlled so that only 
small quantities of disaccharide were formed together with considerable 
quantities of dextrin-like products. It was shown subsequently, as 
described later, that both maltose and isomaltose are formed by this 
process. A more hopeful method, based on Michael's glucoside syn- 
thesis, appeared to be the combination of acetochloro glucose with the 
sodium salt of a hexose. This method has been repeatedly used in 
atterhpting to synthesise cane sugar, and Marchlewski claimed to have 
been successful in artificially obtaining this sugar. Subsequent workers 
have found it impossible to confirm his results, and they are to be 
queried also for other reasons, chief of which is the observation of 
Fischer and Armstrong that a-compounds of glucose in presence of 
alkali undergo rearrangement to /S-compounds. These observers failed 
to prepare a-phenyl glucoside from a-acetochloro glucose and sodium 
phenolate, obtaining instead the /8-phenyl glucoside. Sucrose, a deriva- 
tive of a-glucose, should not therefore be formed. The evidence 
brought forward by Marchlewski in proof of the formation of cane 
sugar was also very inadequate. There are thus no grounds for 
accepting this synthesis. 

By the interaction of acetochloro galactose with sodium glucosate or 
of acetochloro glucose with sodium galactosate, Fischer and Armstrong 
obtained disaccharides of the type of maltose which they termed 
galactosido-glucose and glucosido-galactose. These sugars were 
sufficiently closely related to the natural products to be hydrolysed by 
enzymes. Top yeast was without action, bottom yeast was able to 
ferment both disaccharides. They were hydrolysed by emulsin but 
not affected by maltase or invertase. Both reduced Fehling's 
solution, formed phenyl osazones and osones, but could not be obtained 
in a crystalline state. The galactosido-glucose possessed very great 
similarity to the natural sugar melibiose both in structure, similarity of 
the phenyl and bromophenyl osazones and in physiological behaviour, 
and it is very probable both disaccharides are identical. 

Quite recently Fischer and Delbriick have made use of /8-aceto- 
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bromo glucose to effect the synthesis of disaccharides allied to trehalose. 
When acetobromo glucose is shaken in dry ethereal solution with silver 
carbonate and traces of water are added from time to time, bromine is 
eliminated and two molecules are joined through the intermediary of 
an oxygen atom to an octacetyl disaccharide 2Ci^Hig09Br + HgO = 
CasHggOjg + 2HBr. This is obtained both crystalline and in an 
amorphous form, the latter being regarded as a mixture of isomerides. 

The acetyl compounds when hydrolysed by cold barium hydroxide 
solution are converted into disaccharides. That from the crystalline 
acetate, termed isotrehalose, differs from trehalose in optical rotatory 
power [aJD - 39*4°, but resembles it closely in chemical properties. It 
is a colourless amorphous powder, which does not reduce Fehling's 
solution and is easily hydrolysed to glucose when boiled with dilute 
mineral acids. The disaccharide from the amorphous acetate is 
regarded as a mixture, it has [a] about - i'3^ It is remarkable in 
being partially hydrolysed both by yeast extract and by emulsin. 

Consideration of the constitutional formula of trehalose — 



CHa(OH) . CH(OH) . CH . CH(OH) . CH(OH) . CHv 
CHa(OH) . CH(OH) . CH . CH(OH) . CH(OH) . Ch/ 

! o ^1 

shows that three stereoisomerides are possible as the two carbons in 
clarendon type are asymmetric. Using the prefixes a and ^ in the 
same sense as in the acetobromo glucoses, these isomerides may be 
described as aa, ^^ or a^, according as the constituent glucoses are 
present in the a or ^ form. The behaviour of the new sugars towards 
enzymes may possibly be expected to give a clue to their structure. 

Sjrnthesis by Enz]rmes. — Far more interesting than the above 
method of synthesis is that effected by means of enzymes. There can 
be no doubt that, in the plant, enzymes function as synthetical agents. 

The first to observe the synthetical or, as he termed it, reversible 
action of enzymes was Croft Hill. Hill proved that the hydrolysis of 
maltose by dried yeast extract in concentrated solutions was not com- 
plete, and that, starting from glucose alone in concentrated solution, a 
disaccharide was produced by the action of maltase. This sugar he 
at first considered to be maltose, a conclusion contraverted by Emmer- 
ling, who, repeating Croft HilPs experiments, considered the product 
to be Wi?maltose identical with that obtained by Fischer by the action 
of acid on glucose. Subsequently Croft Hill admitted the chief pro- 
duct to be an isomeride of glucose, but he regarded it as different from 
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isomaltose and termed it revertose. He still claimed that maltose is 
also formed in small quantity. E. F. Armstrong considers that the 
product of the synthetical action of maltase on glucose is isormltose 
identical with that produced by the action of hydrochloric acid on 
glucose, and shows that the two products agree in being hydrolysed 
by emulsin though not by maltase. They are accordingly regarded 
as having the structure of glucose /9-glucosides. Croft Hill showed 
that his synthetical product was almost completely hydrolysed on 
dilution, indicating that the process is reversible, or that at all events 
the same mixture of enzymes which effects s)mthesis is able to hydro- 
lyse the synthetic product An explanation of the removal of the 
isomaltose, a fact which it was at first somewhat difficult to bring into 
line, is perhaps afforded by the discovery of emulsin in yeast by 
Henry and Auld. 

A disaccharide is also formed when a mixture of glucose and 
galactose in concentrated solution is left in contact with lactase. This 
is undoubtably isomeric with milk sugar but differs from it in being 
completely fermented by bottom yeast 

The process by which a monosaccharide is converted into a di- 
saccharide in presence of a synthetical catalyst must be regarded as 
precisely similar to that by which a- and /8-glucoses are converted into 
the two methyl-glucosides. Glucose on condensation should give rise 
to both maltose and isomaltose synthesised from a- and /8-glucose 
respectively. The proportion of each ultimately present in the equi- 
librium will depend to some extent on the proportions of the two 
glucoses in their equilibrated mixture and on their (possibly unequal) 
rates of condensation. This reasoning should apply so long as the 
condensation is uncontrolled. Inasmuch as hydrolysis under the in- 
fluence of enzymes is an absolutely selective process, as opposed to 
hydrolysis by acids which is general in character, it is to be supposed 
that synthesis under the influence of enzymes is likewise a controlled 
operation. 

The proof that hydrochloric acid forms both wmaltose and 
maltose from glucose was first given by E. F. Armstrong. The 
method of purification of the synthetical isomaltose mixture adopted 
by Fischer, viz., fermentation of the neutralised product with brewers' 
yeast, would have destroyed any maltose which had been formed. 
Armstrong fermented a portion of the product with 5. Marxtanus, a 
yeast which does not contain maltase and therefore is without action 
on maltose, in order to destroy the unchanged glucose. The resulting 
solution contained both maltose and /.f^maltose, and was partially 
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hydrolysed by both maltase and emulsin. To remove the isoma\tose 
it was submitted to the joint action of emulsin and 5. Marxianus, 
It was not found possible to obtain the maltose in a crystalline con- 
dition from this solution, but the character of tfie osazone formed 
and the biological behaviour of the sugar leave little doubt of the 
presence of this sugar. Another portion of the original synthetical 
sugar was fermented with 5. intennedians^ and so freed from glucose 
and maltose. The resulting tr^maltose solution behaved in all respects 
as described by Fischer. 

The manner of the synthesis by enzymes is still a matter of | 
dispute. It is urged on the one hand that enzymes produce by J 
synthesis the same bodies which they hydrolyse ; on the other hand, \ 
it is suggested that the action of the enzyme is restricted to the f, 
formation of a compound isomeric with that normally hydrolysed by \ 
the enzyme, A third view is that altc^ether distinct enzymes effect j 
synthesis. 

The aiguments in favour of accepting the first view have been 
clearly put by Bayliss (see the Monograph on Enzyme Action in this 
series), and need not be repeated here. 

The question is complicated by the fact that the catalysts used are 
all mixtures of several enzymes. Yeast extract (maltase) contains at 
least five sucroclasts ; emulsin, according to a recent work, at least 
three. 

Armstrong has shown that the main product in the case of the 
action of yeast extract on glucose is isomaltose ; in the case of emulsin 
the main product is maltose. Whilst it could not be definitely asserted 
that the isomerides were not also formed, their amount in any case 
must have been small. 

Bayliss' contention that, if the synthetic body is incapable of being 
hydrolysed by the enzymes present, action should continue until all 
the glucose is converted into dlsaccharide, does not sufficiently take 
into account the equilibrium resulting from the combination of 
enzyme and sugar and the great retarding influence of glucose — both 
thoroughly established facts. Further, each molecule of disaccharide 
formed liberates a molecule of water, thereby diluting the solution and 
lessening the opportunity for synthetic action. Lastly, enzyme ex- 
tracts, unlike inorganic catalysts, do not remain of constant strength. 

It is difficult to attribute the formation of isomaltose in Croft 
Hill's experiments entirely to emulsin. The amount in brewers' yeast 
is but small ; Henry and Auld demonstrated its presence under very 
special conditions. A cold-water extract of the dried yeast used by 
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the writer has never been found to have any hydrolytic action on 
/8-methyl glucoside. 

The question cannot be discussed here at greater length, but 
obviously much experimental work remains to be done before it can 
be settled. The fact that enzymes bring about a controlled synthesis 
of disaccharides is, however, clearly established. Under natural con- 
ditions apparently only one product is formed, as there is no evi- 
dence that isomaltose, for example, is ever present in the plant On 
the other hand, emulsin is widely distributed, maltase of very rare 
occurrence. 

The third view that synthesis and hydrolysis are effected by different 
enzymes, though not overlooked by earlier workers, has been brought 
into prominence by the recent experimental work of Rosenthaler. 
Emulsin in presence of hydrogen cyanide and benzaldehyde brings 
about the formation of optically active benzaldehyde cyanohydrin, a 
substance which it also hydrolyses. Saturation of the enzyme solu- 
tion with magnesium sulphate or half-saturation with ammonium 
sulphate produces a precipitate which is soluble in water. The filtrate 
has no synthetic activity, but is able to effect hydrolysis as before ; the 
precipitate possesses synthetic activity and some hydrolytic activity. 
It is considered by Rosenthaler that emulsin consists of two distinct 
enzymes, one promoting synthesis, the other causing hydrolysis of 
benzaldehyde cyanohydrin. 



Digitized by LjOOQIC 



CHAPTER VII. 

THE NATURAL AND SYNTHETIC GLUCOSIDES. 

The term glucoside is applied to a large number of bodies having 
the property in common of furnishing a glucose and one or more other 
products when hydrolysed by acids. They are resolved with the 
addition of the elements of water into simpler compounds. Represen- 
tatives of nearly every class of organic compound occur in plants, 
chiefly in the fruit, bark and roots, in combination with a sugar which 
is in most cases dextroglucose. These compounds are glucose ethers 
of alcohols, acids, phenols, etc. ; they correspond in structure to the 
simple methyl glucosides, and the general formula of a glucoside is 
accordingly written — 

R— O— CH . [CH . OH]a . CH . CH(OH) . CHj(OH) 

where R represents the organic radicle. It is noteworthy that the 
vegetable bases are only seldom found in the form of glucosides. 

The glucosides correspond to a certain extent to the paired glucu- 
ronic acid derivatives previously mentioned. In both instances more 
or less reactive specific substances are combined with the sugar residue 
to form indifferent and frequently more soluble substances. 

Glucosides are obtained by extraction of the plant substance with 
water or alcohol, an operation often conveniently performed in a 
Soxhlet apparatus. It is necessary in the majority of cases first to 
destroy the accompanying enzyme when water is used as solvent. If 
this operation be omitted the glucoside is destroyed in the process of 
extraction. The purification of the extract is often a matter of diffi- 
culty owing to the scanty proportion of glucoside present. 

The glucosides as a class are generally colourless crystalline solids, 
having a bitter taste and laevorotatory optical power. Some of the 
best-known glucosides are the amygdalin of the almond and other 
rosaceous plants, the salicin of the willow and the sinigrin of the 
cniciferae. 

77 
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The glucosides are all hydrolysed by heating with mineral acids to 
sugar and an organic residue. They are decomposed at veiy different 
rates, some glucosides (^.^., gynocardin) being extremely resistant to 
acid hydrolysis. 

In the majority of cases the glucosides are hydrolysed by enzymes. 
The appropriate enzyme is contained in the same plant tissue, but in 
different cells, gaining access to the glucoside only when the tissue is 
destroyed. A great number of such enzymes exist, but it is too much 
to say that each glucoside has a special enzyme for its decomposition. 
The best-known glucoside splitting enzymes are the emulsin of almonds 
and the myrosin of black mustard seeds. Both these enzymes can 
effect hydrolysis of a number of glucosides. 

Emulsin is especially wide in its action. Since it is the specific 
enzyme for /8-alkyl glucosides, all glucosides hydrolysed by it are 
regarded as derivatives of ^-glucose, though the possibility that 
emulsin is a mixture of enzymes must not be lost sight of. 

The hydrolysis of glucosides by myrosin is undoubtedly connected 
with their sulphur content 

Most of the known glucosides are derived from dextroglucose. 
Others are derivatives of rhamnose or of galactose. In many cases 
the exact nature of the sugar has yet to be determined. Glucosides 
containing rhamnose likewise require a special enzyme to effect their 
hydrolysis. 

Some glucosides yield two or more sugar molecules on, hydrolysis. 
In such cases the sugar molecules are united as di- or trisaccharides. 
Using appropriate enzymes, the sugar groups may be removed one at 
a time, and new glucosides are formed. Thus amygdalin contains two 
glucose residues, one of which is removed by an enzyme present in 
yeast and termed amygdalase. The new glucoside so formed is named 
mandelonitrile glucoside. 

Both on account of the very small quantity of a glucoside usually 
present in a plant, and the fact that glucosides do not as a rule form 
insoluble characteristic derivatives which allow of their isolation, it is 
difficult to discover new glucosides and still more so to determine 
their nature. The introduction of biochemical methods has much 
facilitated work of this kind. Bourquelof s biological method has led 
to the discovery of several new glucosides, and ter Meulen has estab- 
lished the nature of the sugar component in several instances. Ter 
Meulen makes use of the fact (p. 57) that an enzyme is only com- 
patible with and therefore only enters into combination with that 
sugar, the simple glucosidic compounds of which it is able to hydrolyse. 
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He has investigated the rate of hydrolysis of a glucoside by the 
appropriate enzyme in presence of a number of the simple sugars. 
Only one of these sugars retards the change ; the others are almost 
without influence. The glucoside in question is considered to be a 
derivative of that sugar which retarded the hydrolysis. 

For instance, rhamninose alone retards the hydrolysis of xantho- 
rhamnin; glucose alone retards the decomposition of salicin or of 
amygdalin. In the case of glucosides of which the nature of the sugar 
component was not absolutely established, it was shown that aesculin, 
arbutin, coniferin, indican, sinigrin and several other glucosides con- 
taining mustard oils are derivatives of rf-glucose. 

Bourquelof s biological method of examining plants for glucosides 
consists in the addition of emulsin to an extract of the plant and the 
determination of the changes in optical rotation and cupric reducing 
power after a period of incubation. A change indicates the presence of 
)8-glucosides and its magnitude gives a rough indication of their quantity. 

In this manner taxicatin, CigHaaOj, has been discovered in Taxus 
baccata (Lefebvre) and the presence of aucubin demonstrated in a 
number of species of plantago (Bourdier). 

The use of invertase in the same manner affords a test for the 
presence of sucrose or raffinose. 

A number of the better-known glucosides are given in the follow- 
ing table which also shows the products of hydrolysis. They are 
classified under alcohols, phenols, aldehydes, etc., according to the 
nature of the non-sugar part of the molecule (see Table XII., p. 80). 

The better-known glucosidoclastic enzymes are grouped in Table 
XIII. together with the glucosides they decompose. Emulsin hydro- 
lyses arbutin, salicin, coniferin, syringin, helicin, amygdalin, mandelo- 
nitrile glucoside, sambunigrin, prulaurasin, dhurrin, aesculin, daphnin 
and calmatambin. It is without action on phloridzin, populin, gaul- 
therin, quercitrin and sinigrin. 

TABLE XIII. 
GLUCOSIDOCLASTIC ENZYMES. 



Enzyme. 


Hydrolyses. 


Emulsin .... 

Myrosin .... 
Rhamnase .... 
Gaultherase .... 
Tannase .... 
Lotase 


/ Many natural glucosides 
\ Synthetical /S-glucosides 

Sinigrin and sulphur glucosides 

Xanthorhamnin 

Gaultherin 

Tannins 

Lotusin 
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TABLE XII. 






Natural Glvcosidbs. 




GlocMide. 


Products of Hydrolysis. 








Phenols. 




Arbutin . 
Methjrl arbuttn 
Phloridzin . 
Glycyphyllin . 
Hesporidin 
Naringin 
Iridin . 
Baptistn 


. . CuH„0, 
• • C„H„0, 

; :^H& 

. . cSh„o„ 

* C„H„0„ 


Glucose + hydroquinone 

Glucose + hydroquinone methyl ether 

Glucose + phloretin 

Rhamnose + phloretin 

Rhamnose + 2 glucose + hesperetin 

Rhamnose + glucose + narigenin 

Glucose + irigenin 

Rhamnose + baptigenin 

AUohols. 




Salicin . 
Populin . 
Coniferin 
Syringin 


. . C„H„Oj 
. . CiH„0. 


Glucose + saligenin 
Glucose + benzoylsaligenin 
Glucose + coniferylalcohol 
Glucose + syringenin 




Helicin . 
Salinigrin 
Amygdalin . 
Mandelonitrile glut 
Sambunigrin . 
Prulaurasin . 
Dhurrin . 


. Cs„H„0„N 
:oside Ci.H|,0,N 
. . C„H„0,N 

. . C„H„0,N 


Aldehydes. 
Glucose + salicylaldehyde 
Glucose + m-oxybenzaldehyde 
2 Glucose + /-mandelonitrile 
Glucose + Z-mandelonitrile 
Glucose + ^-mandelonitrile 
Glucose + racemic mandelonitrile. 
Glucose + /-oxymandclonitrile 

Acids. 




Convolvulin . 
Jalapin . 
Strophantin . 
Gaultherin . 


. • CgiHicaOia 


Glucose -H rhodeose + convolvulinolic acid 
Glucose + jalapinolic acid 
Rhamnose + mannose + strophantidin 
Glucose + methylsalicylate 

Oxycumarin Derivatives. 




Aesculin 
Daphnin 
Fraxin . 


. C„HieO, 


Glucose + aesculetin 
Glucose -H daphnetin 
Glucose -H fraxetin 




Ruberythrinic acid 
Rubiadin glucoside 
Frangulin 


: ^ko: 


Oxyanthraquinone Derivatives. 
Glucose -H alizarin 
Glucose -H rubiadin 
Rhamnose + emodin. 

Oxyflavone Derivatives. 


1 


Apiin . 
Fustin . 
Quercitrin 
Sophorin 
Xanthorhamnin 




Apiose + apigenin 
Rhamnose + fisetin 
Rhamnose + quercetin 
Rhamnose + glucose + sophoretin 
2 Rhamnose + galactose + rhamnetin 




Indican . 


. C„H„0,N 


Indoxyl Derivatives. 
Glucose -H indoxyl 

Mustard Oils. 




Sinierin 
SinaJbin 

Glucotropaolin 


. CmH„0,NS,K 
. C„H4,0„N,S 

. CmH.ANS.K 


Glucose + allyl mustard oil + KHSO4 
Glucose + sinapine acid sulphate -H acrinyl- 

isothiocyanate 
Glucose + benzyl mustard oil + KHSO4 

Various. 




Saponins 
Digitonin 
Digitalin 
Saponarin 
Calmatambin • 


. .■ C„H„0« 


Glucose + galactose + sapogenins 
Glucose + galactose + digitogenin 
Glucose + digitalose -H digitaligenin 
Glucose + vixetin 
Glucose -H calmatambetin 
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The Principal Glucosides. 

Arbutiny a colourless, bitter, ciystalHne substance, is obtained, 
together with methyl arbutin, from the leaves of the bear beny, a 
small evergreen shrub (Ariutus uva ur^y and yields hydroquinone 
and glucose when hydrolysed by means of emulsin or mineral acids : — 

CuHieO^ + H,0 « CeHuO, + C,H,0,. 

Hydroquinone is a powerful antiseptic : hence the pharmacological value 
of arbutin, which has also a diuretic action. Methyl arbutin is one of 
the few glucosides which have been artificially synthesised. Michael 
prepared it by the interaction of hydroquinone methyl ether and 
acetochloro glucose. 

Phloridziny which is found in the bark of apple, pear, cherry, plum 
and other rosaceous trees, is remarkable for the property it possesses 
of causing glucosuria when taken internally. Emulsin is without 
action on it : mineral acids form glucose and phloretin, CigHi^Og, which 
is a condensation product of ^-oxyhydratropic acid and phloroglucinol. 

Phloridzin has the formula — 

(C«HuOb . O) (OH),CeH, . CO . CHMe . C,H4(0H). 

SaliciUy a colourless, crystalline, bitter substance, is the active con- 
stituent of willow bark ; it has long been used as a remedy against fever 
and in cases of acute rheumatism. It is hydrolysed by emulsin 
to glucose and saligenin ((MDxybenzyl alcohol), and has the formula 
(CgHjjOg . O) . CgH^ . CHgOH. Saligenin yields salicylic acid on oxi- 
dation, but has the advantage of being less irritant than this acid or 
its salts, and therefore does not produce digestive disturbances when 
administered medicinally. 

Salicin forms another glucoside helicin (glucosalicylic aldehyde) on 
oxidation with dilute nitric acid. Helicin was obtained synthetically 
(from salicylic aldehyde) by Michael. It is hydrolysed by emulsin. 

Populiny the benzoyl ether of salicin, is found in the bark of a 
number of species of poplar {Populus), It may be obtained from or 
converted into salicin. It is not hydrolysed by emulsin. 

Salinigrin is closely related to salicin, yielding glucose and w- 
hydroxybenzaldehyde on acid hydrolysis. It was only found in one 
species {Salix discolor) out of thirty-three samples of willow and poplar 
examined by Jowett and Potter, all of which contained salicin. 

Coniferiny the glucoside of the fir-tree, is of importance as the start- 
ing-point for the synthesis of vanillin which is formed from it by oxi- 
dation with chromic acid. 

6 
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It yields glucose and coniferyl alcohol when hydrolysed by emulsin, 
and has the formula : — 

(C^HuOg . O) . CeH,(OMc) . CH : CH . CHjOH. 

By careful oxidation glucovanillin is formed, and this may be oxidised 
to glucovanillic acid or reduced to glucovanillyl alcohol. All three 
glucosides are hydrolysed by emulsin. 

A methoxy coniferin is syringin^ the glucoside of the Syringa, which 
is likewise hydrolysed by emulsin to syringenin (methoxy coniferyl 
alcohol). 

Amygdalin is perhaps the best known and at the same time the 
most interesting of the glucosides ; it has formed the subject of re- 
peated and fruitful investigation ever since the discovery seventy-nine 
years ago, and even to-day the exact structure is not satisfactorily 
established. It is an example of a glucoside which contains nitrogen ; 
on hydrolysis it yields benzaldehyde, hydrogen cyanide and two mole- 
cules of glucose. It is found in large quantities in bitter almonds and 
in the kernels of apricots, peaches, plums and most fruits belonging to 
the Rosaceae. It is the antecedent of the so-called essence of bitter 
almonds, and is widely used as a flavouring material. Like most 
glucosides it is a colourless, crystalline, bitter substance soluble in 
water. 

The presence of hydrogen cyanide in the aqueous distillate of 
bitter almonds was observed at the very beginning of the nineteenth 
century by Bohm; the crystalline glucoside was first obtained by 
Robiquet and Boutron Charlard in 1830, who showed its connection 
with the essence of bitter almonds. 

In 1837 Liebig and Wdhler found that amygdalin was hydrolysed 
by a certain nitrogenous substance, also existing in the almond, to 
which they gave the name emulsin, in accordance with the equation — 

CjoH^OuN + 2H,0 = C^HeO + HCN + aCeHjjOe 
Amygdal^. Benzalde- Hydrogen Glucose, 

hyde. cyanide. 

They proved it to be a glucoside of benzaldehyde cyanhydrin. 

Ludwig in 1856 pointed out that hot mineral acids hydrolyse 
amygdalin, giving rise to the same products as emulsin does. Schiff 
was the first to suggest that the two glucose molecules were united as 
a biose — 

CeH^ . CH(CN) . O - CeHjoO, . O . CJA^O^, 

and this view became generally accepted when it was shown by 
Fischer that amygdalin may be resolved by an enzyme, contained in 
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yeast extract, into a molecule of glucose and one of a new glucoside 
which he termed mandelonitrile glucoside — 

CeH^. CH(CN) . O— CeHuOj. 
Fischer came to the guarded conclusion that amygdalin was a deriva- 
tive either of maltose or of a closely related diglucose. The view that 
amygdalin is a maltoside has passed into the literature {cf. Dunstan 
and Henry, British Association Report, York, 1906). 

Recent work, however, does not support this supposition. Neither 
in its behaviour towards enzymes nor in its chemical properties does 
amygdalin behave as a maltoside. 

When hydrolysed by means of strong hydrochloric acid, amygdalin 
gives /-mandelic acid, and Fischer's amygdonitrile glucoside is corre- 
spondingly /-mandelonitrile glucoside. 

Amygdalin at first sight seems to present an exception to the rule 
that enzymes which attack ^-glucosides are strictly without action on 
o-glucosides, and vice versd, Emulsin hydrolyses amygdalin at both 
glucose junctions ; an enzyme in yeast extract (maltase ?) also attacks 
one of these. This junction must either be attackable by two distinct 
enzymes, or the enzymes in question must be mixtures and contain 
a common constituent The latter hypothesis has proved to be correct 

Caldwell and Courtauld, in the course of a quantitative study of 
the hydrolysis of amygdalin by acids, showed that change takes place 
more readily at position Y in the molecule than at position X, as indi- 
caw in *. fo^ula. <=•«• ' -^"(CNP . C.H„0. . O . C,H„0. ^ 

first product of acid hydrolysis is therefore the mandelonitrile glucoside 
obtained by Fischer ; and this can be prepared in such manner. It 
was further shown that the action of yeast extract on amygdalin was 
due not to maltase but to the presence of a hitherto unknown enzyme 
appropriately termed amygdalase. This is more stable towards heat 
than maltase, and can be obtained almost free from maltase by prepar- 
ing the extract at an elevated temperature. 

The fact that an enzyme distinct from maltase effects the hydro- 
lysis of amygdalin is clear proof that the glucoside does not contain 
maltose. Additional confirmation of this is afforded by the fact that 
the rate of hydrolysis of amygdalin either by amygdalase or by emulsin 
(ter Meulen) is not affected by the presence of maltose. This last 
sugar should have slowed the reaction had it been a constituent of 
the glucoside. 

When amygdalin is hydrolysed by emulsin it is not possible at 
any stage of the reaction to detect the presence of a diglucose. In 

6* 
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reality, under the influence of emulsin prepared from an aqueous 
extract of almonds, two actions are going on at the same time, vi>., 
hydrolysis at the centre Y, forming mandelonitrile glucoside and 
glucose, and, more slowly, hydrolysis of the mandelonitrile glucoside 
at X, forming benzaldehydecyanhydrin and glucose. By interrupting 
the hydrolysis at the proper point it is possible to isolate the mandelo- 
nitrile glucoside. Such experiments prove that almond extract con- 
tains amygdalase in addition to the emulsin proper, which hydrolyses 
^-glucosides. Amygdalase is entirely without action on ^-glucosides. 
The amygdalin molecule is exceptional in containing several centres, 

1 ^vvz- .1, r 1 NC.CHPh.O.CeHioO,.O.CeH,A» 
marked X, Y, Z m the formula, „ ^ Y 

totally different in their chemical nature, which are attackable by 
hydrolytic agents ; its behaviour is, therefore, of the very greatest 
interest. 

Amygdalin yields the same products (glucose, benzaldehyde and 
hydrocyanic acid) when treated with emulsin as when heated with 
dilute hydrochloric acid. In each instance the primary formation of 
/-mandelonitrile glucoside indicates that the biose junction Y is the 
first point to be attacked. The course of hydrolysis by concentrated 
acids is altogether different (Walker and Krieble). Concentrated 
hydrochloric acid hydrolyses it to amygdalinic acid and ammonia in 
the first place at centre Z ; subsequently, the amygdalinic acid breaks 
down at junction Y to /-mandelic acid glucoside and glucose so that 
junction X is the last point to be attacked. Concentrated sulphuric 
acid has very little tendency to attack the nitrile group at Z, the 
primary action being to eliminate /-mandelonitrile. The biose junction 
Y is the point most susceptible of attack by sulphuric acid at all concen- 
trations. Sulphuric acid decomposes benzaldehyde cyanohydrin (June- 
tion Z) only with extreme difficulty. 

In addition to /-mandelonitrile glucoside two other glucosides 
having the same composition are known. These are : prulaunasin, 
first described in the amorphous state under the name laurocerasin, 
and since obtained crystalline from the cherry laurel by H6rissey; 
and sambunigrin, separated by Sourquelot and H6rissey from the 
leaves of the common elder {Sambucus ntger). These substances are 
both mandelonitrile glucosides; their properties are set out in the 
following table : — 
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TABLE XIV. 





M.-P. 


w- 


Amygdonitrile glucoside * laevo mandelonitrile glacoside • 
Prulaurasin s racemic mandelonitrile glucoside 
Sambunigrin ae dextiD mandelonitrile glttcoside 


I47-X50" 
120-122** 
X5i-X5a' 


-26-9** 



Dunstan and Henry suggested that the differences between these lay 
in the nature of the sugar residue. This can hardly be the case, as 
they are all three attacked by emulsin, and therefore derivatives of 
^-glucose. 

Prulaurastn is, in fact, a racemic mixture of the two stereoisomeric 
d- and /-mandelonitrile /3*glucosides, and analogous to isoamygdalin, 
the racemic form of amygdalin, first prepared by the action of alkali on 
amygdalin by Walker and subsequently studied by Dakin, which yields 
inactive mandelic acid when hydrolysed by acids ; indeed, prulaurasin 
is obtained by acting on isoamygdalin with yeast extract — amygdalase 
(H^rissey). Safnbuntgrin is the /3-glucoside of ^mandelonitrile glu- 
coside, and derived from a still unknown isomeride of amygdalin. 
Prulaurasin is obtained from either of the other two isomerides, when 
their aqueous solutions are rendered slightly alkaline. 

The true relationship of these glucosides was first established by 
Caldwell and Courtauld, and their conclusions have been entirely con- 
firmed by Bourquelot and H6rissey. More recently amygdonitrile 
glucoside has been discovered as a natural product, so that all three 
isomerides must play some part in plant economy. H6rissey found 
it in the young branches of Cerasus Padus ; Power and Moore have 
obtained it from wild cherry bark (Prunus serotind). 

The inter-relationship of these compounds is indicated in the ac- 
companying scheme. Possibly the unknown isomeride of amygdalin 
will also be found in the plant : — 

Amygdalin . Unknown 

Isoamygdalin 



Amyg dalase 



Amygdonitrile glucoside 
/-mandelonitrile glucoside 



Amyg dalase 



Sambunigrin 
: <f-mandelonitrile glucoside 



Atr^-^ Prulaurasin 

^'*a7i = iZ-mandelonitrile 
glucoside 
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As mentioned above ordinary amygdalin, or as Walker terms it 
/-amygdalin, is converted rapidly at the ordinary temperature by alkali 
into a much more soluble substance which yields racemic mandelic 
acid when hydrolysed, together with a slight excess of dextro-mandelic 
acid. The simplest assumption that can be made r^arding this 
change is that it consists only in the racemisation of the mandelic 
asymmetric carbon atom. Recent experiments of Walker and Krieble 
suggest, however, that other changes take place during racemisation, 
particularly when the solution is evaporated to dryness and so subjected 
to protracted heating. Apparently the new product formed is stable 
towards emulsin, and it is suggested that an intramolecular change from 
a /3- into an a-glucoside has taken place creating a new isomeride of 
amygdalin. Amygdalin does not part with a glucose radicle when 
racemised and heated, nor is it hydrolysed to the ammonium salt of 
amygdalinic acid to any great extent. If confirmed, this transformation 
of y9- into a-glucoside is of a very remarkable character. 

Cyanogenetic Glucosides. — Hydrocyanic acid has frequently 
been isolated from plants, but it is only quite recently that its forma- 
tion has been ascribed invariably to the decomposition of a glucoside. 
Besides amygdalin and the isomeric mandelonitrile glucosides a num- 
ber of other glucosides have been isolated, yielding hydrogen cyanide 
when hydrolysed ; they are conveniently grouped together under the 
term cyanogenetic glucosides. Although rare compared with the 
occurrence of saponin in plants the distribution of hydrogen cyanide 
is proving much wider than was at one time imagined ; its production 
has been observed in many plants of economic importance. A useful 
list of plants which yield prussic acid has been compiled by Greshoff. 
Some of the cyanogenetic glucosides may be briefly mentioned. 

Dhurriuy first isolated by Dunstan and Henry from the leaves and 
stems of the great millet, is a /ara-hydroxymandelonitrile glucoside, 
and therefore closely related to the three mandelonitrile glucosides 
just described. Like them it is hydrolysed by emulsin. 

Gynocardin^ isolated by Power from the oleaginous seeds of Gyno- 
cardia odorata^ yields prussic acid, glucose and an unknown substance, 
CeH804, on hydrolysis. It is accompanied in the seeds by an enzyme, 
gynocardase, which also decomposes amygdalin. 

Linamarin or Phaseolunatin was first isolated by Jorissen and Hairs 
from young flax plants and subsequently by Dunstan and Henry from 
Phaseolus lunatus. The latter authors consider it to be acetonecyano- 
hydrine-a-glucoside, and it is interesting as the first-known derivative 
of o-glucose, apart from maltose, occurring naturally. The beans of 



Digitized by LjOOQIC 



THE NATURAL AND SYNTHETIC GLUCOSIDES 87 

Phaseolus lunatus contain two enzymes — an emulsin which, however, 
according to Dunstan, is without action on phaseolunatin and an 
enzyme of the maltase type which hydrolyses both phaseolunatin 
and amygdalin, forming mandelo-nitrile glucoside in the latter case. 
It is perhaps identical with the amygdalase described by Caldwell and 
Courtauld. 

Lotusin discovered by Dunstan and Henry in Lotus arabicus is of 
interest for two reasons. Like amygdalin it gives rise to two mole- 
cules of dextrose on hydrolysis and therefore probably contains a 
disaccharide. The other products of hydrolysis are prussic acid and 
lotoflavin — an isomeride of fisetin. In the alkaline hydrolysis one of 
the dextrose residues is obtained as heptagluconic acid, indicating that 
the cyanogen radicle is associated with the sugar residue. Lotusin is 
not hydrolysed by almond emulsin but it is resolved by an enzyme 
(lotase) which accompanies it, but as this also decomposes amygdalin 
and salicin it probably contains emulsin. 

Mustard Oil Glucosides. — ^A number of plants belonging to the 
cruciferae yield glucosides containing sulphur. These give rise to 
mustard oils when hydrolysed by the enzyme myrosin which accom- 
panies them in the plant. The best-known representatives of this 
class are sinigrin and sinalbin, found in the seeds of the black and 
white mustard. When the seed of black mustard is bruised and 
moistened, the odour of allylsulphocyanate is easily recognised. The 
myrosin and the glucoside are contained in separate cells in the seed, 
and do not interact until brought together by the solvent 

The recognition of an ethereal oil as the active principle of black 
mustard dates from 1730 (Boerhave). Bussy was the first to isolate 
the glucoside, which he termed potassium myronate, and the accom- 
panying enzyme myrosin. Will and Komer gave the name sinigrin 
to the glucoside, and showed that it is hydrolysed to allylsulpho- 
cyanide, glucose and potassium hydrogen sulphate. 

CioHieOjNSaK + H,0 = CjHj . CNS + CeH^jO, + KHSO4 

Sinigrin was subsequently investigated in detail by Gadamer, who 
proposed the formula — 

CjHj . N : C(S . CeHuGj) . 0(SO,K). 

It is not hydrolysed by emulsin or by yeast extract or any known 
enzyme other than myrosin. As hydrolysis proceeds, the increasing 
quantity of acid potassium sulphate formed renders the . ferment less 
active and ultimately stops its action. 
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Guignafd has veiy careiully investigated the localisaticMiof myrosin 
in the plant It occuis in special cells with finely granular contents 
which are free from starch, chlorophyll, &tty matter and aleurone 
grains. 

Sinalbin is likewise hydrolysed by myrosin, which accompanies 
it in the seeds, to glucose, sinalbin mustard oil and acid sinapin 
sulphate — 

CwH^tOuN^S. + H,0 - C,HnO, + C^HtO . NCS + C^Hj^OgN , HSO^. 

Indican*— Plants which yield indigo do not contain the colouring^ 
matter present as such but in the form of a glucoside indican, which 
is readily extracted from the leaf by means of acetone. Indican yields 
glucose and indoxyl on hydrolysis ; the indoxyl (colourless) undergoes 
further oxidation to indigotin (the blue colouring matter) — 

Ci4H„0eN + H,0 « CeH„0, + CgH^ON aCeH^ON + O, = 2H,0 + C„H,oO,N, 
Indican. Glucose. Indoxyl. Indoxyl. Indigotin. 

Indigotin is readily obtained on hydrolysing indican with dilute 
acids containing a little ferric chloride as an oxygen carrier, but the 
yield under these conditions is not quantitative. 

Indican is also hydrolysed by a specific enzyme indimulsin, which 
is present in the leaves of the indigo plant Emulsin also slowly 
hydrolyses indican, but its action is far less intense than that of the 
Indigofera enzyme preparations. The yield of indigotin in this case is 
also below the theoretical, especially when hydrolysis is slow : this is 
due to the great instability of indoxyl and in part also to the occlu- 
sion of indoxyl by the enzyme. It may be improved by adding a 
small quantity of sulphuric acid to the mixture at the commencement 
of the reaction. Technically it is of the greatest importance that the 
yield of natural indigo obtained, on the manufacturing scale be a 
maximum. 

Digitalis Glucosides. — The leaves of the foxglove {Digitalis 
purpurea) contain at least five glucosides which form the active con- 
stituents of digitalis, but their nature has been but scantily investigated. 
Digitoxin, the most active principle, is insoluble in water ; on hydrolysis 
it forms digitoxigenin and a sugar, C^H^^O^, digitoxose. Digitalin 
possesses in a high degree the physiological action of digitalis, decreas- 
ing the frequency and increasing the force of the beat of the heart ; it 
yields glucose and a sugar, C^H^^O^, digitalose. Digitonin forms a 
mixture of glucose and galactose on hydrolysis. 
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Significance of Glucosidea — Opinions are divided as to the real 
significance of glucosides in plant economy. Probably they are of 
use to the plant in a variety of ways, and no one explanation will 
cover the functions of all the members of the group. 

In most, if not in all cases, the glucosides are accompanied by 
appropriate enzymes which are able to hydrolyse the glucoside. 
Enzyme and glucoside do not exist in the same cells as normally there 
is no decomposition. They are brought together should the cellular 
structure be damaged and in some instances during germination. 

In the cherry4aurel, according to Guignard, emulsin exists in the 
endodermis ; in the almond it is found in the axis of the embryo in 
the pericycle which lies immediately under the endodermis; in the 
cotyledons it is in both the endodermis and the pericycle. Bourque- 
lot, who prepared both glucoside (gaultherin) and enzyme from the 
stems of monotropa, showed they are not present in the same cells. 

The earliest investigations of this nature are due to Marshall 
Ward The fruits of the Persian berry {Rkamnus infectarius) contain 
a glucoside known as xanthorhamnin, which, when hydrolysed, yields 
rhamnetin and the two sugars rhamnose and galactose. Marshall 
Ward and Dunlop showed that the seeds contain an enzyme, termed 
rhamnase, capable of hydrolysing the glucoside ; this is confined to the 
raphe of the seed, which is composed of parenchymatous cells contain- 
ing a brilliant oily-looking colourless substance. When the pulp or 
an extract of the pericarp of the fruit is digested with an extract of 
the seeds a copious yellow precipitate of rhamnetin is formed. 

In very many cases glucosides function as reserve materials, and 
when required they are hydrolysed by the accompanying ferment and 
pass into circulation. 

Anaesthetics such as chloroform or ether are well known to have a 
remarkable action on plants in stimulating growth. A full explanation 
of this phenomenon is not yet forthcoming, though it has been sup- 
posed that enzymes or similar agencies, hitherto dormant, are brought 
into activity by the action of the anaesthetic Of the deepest signifi- 
cance in this connection is Guignard's observation that exposure of 
living plants to the action of anaesthetics brings about interaction 
between the glucoside and the corresponding ferment. Mustard oil 
is formed from the leaves of certain cruciferae, hydrogen cyanide from 
laurel leaves and other cyanogenetic plants, when submitted to the 
action of chloroform. The same phenomenon is apparently brought 
about by exposure to cold produced by the evaporation of methyl 
chloride. 
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Bunge has pointed out that very many of the non-sugar con- 
stituents of glucosides are antiseptic and therefore bactericidal in 
character. In the seeds of plants the reserve stores of food-stuffs form 
an excellent medium for the development of micro-organisms which 
would rapidly spread but for the protective action of the glucoside. 
In the almond, directly the seed is penetrated, the amygdalin is hydro- 
lysed and prevents all bacterial action. The universal presence of 
glucosides in the bark of plants may be similarly explained : they 
ensure an antiseptic treatment of all wounds in the integument 

Easily decomposable substances, such as many acids or aldehydes, 
are protected against oxidation by being transformed into glucosides 
just as, in the animal organism, similar substances are converted into 
paired glucuronic acid derivatives. 

Glucosides possessing a bitter taste or having poisonous properties 
serve to protect such important oi^anisms as the seeds or fruits of 
plants against animals. In some instances the plant is only poisonous 
at certain stages of its growth. Thus an Egyptian plant, Lotus arabtcm, 
is poisonous in the early stages, but becomes a useful forage when 
allowed to mature : it contains a glucoside lotusin which yields hydro- 
gen cyanide when hydrolysed. 

Glucosides containing acetonec3^nohydrin are regarded by Treub 
as primary material for protein synthesis. Guignard, working with 
phaseolunatin, has obtained no evidence that hydrocyanic acid is 
liberated during germination of Phaseolus beans. 

The amount of glucoside present varies considerably in different 
species of the same plant, and varies also according to the time of 
year. It also differs in the male and female plant of the same species. 
Unfortunately the material at present available for the discussion of 
this question is very scanty. Jowett and Potter, who investigated the 
bark from thirty-three samples of willow and poplar, found consider- 
able variation in the occurrence of salicin. In April the bark from the 
female tree contained about three times as much salicin as that from 
the male ; three months later the conditions were reversed. It is sug- 
gested that salicin acts as a reserve food material ; it is stored away 
in the winter for use in the coming spring when it is hydrolysed by 
the accompanying ferment and the glucose used by the plant. Owing 
to their special functions the reserve is drawn upon to a different 
extent by the male and female trees. Taxicatin, the glucoside of 
the leaves and young shoots of the yew (Taxus baccatd)^ occurs in 
greatest quantity in the plant during the autumn and winter ; ap- 
parently it is utilised in the spring when the young shoots begin to 
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assimilate. The cyanogenetic glucoside in the leaves of Sambucus 
nigra according to Guignard seems to fulfil a different function, as 
its amount diminishes only slightly with age, and at the end of the 
vegetative period the glucoside does not migrate to the stems but 
remains in the leaves till they drop off. 

The Synthetic Glucosides. — Several of the natural glucosides 
have been prepared s)mthetically, and by similar methods the corre- 
sponding glucosides of a variety of substances can be obtained. The 
starting-point for the synthesis of the natural glucosides was the crude 
acetochloro glucose prepared by Colley (1870) by the action of acetyl 
chloride on glucose. Michael (1879) coupled this with the potassium 
salt of phenols, preparing in this manner phenyl glucoside, helicin, 
salicin and methylarbutin ; Drouin by the same method obtained the 
glucosides of thymol and o-naphthol. Fischer in 1893 obtained the 
alkyl glucosides from acetochloro glucose, but they are more easily 
prepared as described in Chapter I. 

Following the discovery of the crystalline a- and ^-acetochloro 
glucose attempts were made to extend and improve Michael's syntheti- 
cal method, but were only successful in the case of the ^-compound. 
As already mentioned the o-acetochloro glucose in presence of alkali 
undergoes isomeric rearrangement to the ^-acetochloro glucose, and 
accordingly y9-glucosides result instead of o-glucosides. 

Interesting ^S-glucosides obtained by this method are those of 
menthol and bomeol : they represent the first synthetical terpene 
glucosides, and are closely allied to the terpene glucuronic acid com- 
pounds. By the interaction of ^-acetobromo glucose and the potassium 
salt of thiophenol the ^-thiophenol glucoside, CgHgS . CgHjiOg, has been 
obtained. This is not hydrolysed by emulsin and is very resistant 
towards hydrolysis by dilute acids : it is the simplest representative of 
the sulphur glucosides. The acetochloro hexose synthesis has been 
extended to the preparation of derivatives of other sugars. Phenolic 
glucosides of galactose, maltose, arabinose and xylose, and also thio- 
phenol lactoside, have been obtained, all of which belong presumably to 
the /3-series. 
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Glucosido-galactose, 72. 



Digitized by LjOOQIC 



112 



INDEX 



Glucovanillin, 82. 
Glucuronic acid, 36. 
Gltttoee, 3a 
Glyccroee, 67, 71. 
Gynocardase, 86. 
Gynocardin, 86. 
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List of, 33. 
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— lactoside, 91. 
Trehalase, 44. 
Trehalose, 44, 73* 
Trioses, 37, 55- 
Trisaccharides, 42, 49-50. 
Turanose, 49. 

VoLEMiTOL, 40. 

Xanthorhamnin, 50, 79, 89. 
Xylitol, 39. 
Xylose, 37, 38, 60. 



abbkdbbn: thb univbrsity prbss 



Digitized 



byCiOOQle 



OF THE 






WNIVERSJTV 



Digitized by LjOOQIC 



THIS BOOK IS DUE ON THE LAST DATE 
STAMPED BELOW 



AN INITIAL F 

WILL BE A88E88I 
THIS BOOK 
WILL INCR 
DAY AND 
OVERDUE. 




OCT 1718??^ 



"7^ 



^;r'f^3 



(A^. 



.. ,;:,: ^ i 



NOV 8 194! Y 



^ 



j^ 




BEG 3 1341 



^EtOe 



^ft. 



AM::^ 



4S4r 



-Afov-r 



I94S 



5 mi 



JAN 1 9 1948 



LD 21-100m-7.'40 (6986b) 



Digitized by LjOOQIC 



I 



^' 



yC 21666 




-*£*--:■; 




Digitized by CjOOQIC 



. 1 



5» 



